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Abstract 
The coal seam gas industry represents a source of economic prosperity for 
Australia, However, the coal seam gas industry also faces challenges in relation to 
the vast quantity of brackish water which is extracted during the gas extraction 
process.  Ideally, the produced or associated water should be treated to make it 
suitable for beneficial reuse options such as irrigation, dust suppression, aquifer 
recharge, and stock watering.   
Reverse Osmosis (RO) technology has been extensively deployed in 
Queensland as a desalination stage.  Membranes are sensitive to the presence of 
species which can cause scaling and fouling.  As such there is a need to protect 
membrane performance by pre-treating the coal seam water to control the 
aforementioned species. 
It was our hypothesis that coagulation and electrocoagulation methods may be 
suitable for partial purification of coal seam water.  However, many key questions 
required to be answered before such technologies could be considered.  For example: 
(1) Which species can be removed by chemical coagulation (CC) and 
electrocoagulation (EC); (2) What is the impact of dosing and operating conditions; 
(3) How does the salinity and composition of the coal seam water influence 
coagulation performance; (4) Which coagulation method is superior; (5) What are the 
main factors which need to be improved.  Consequently, this study involved bench 
testing using a jar tester for coagulation and a bench top continuous 
electrocoagulation cell.     
With electrocoagulation, both aluminium and mild steel (“iron”) electrodes 
were investigated.  In general, the removal efficiency of species responsible for 
scaling and fouling was enhanced by increasing the applied current density/voltage 
and contact times (30 to 60 s) in the EC chamber.  When using aluminium electrodes, 
high removal efficiencies of species potentially responsible for scale formation in 
reverse osmosis units such as calcium (100 %), magnesium (87.9 %), strontium (99.3 
%), barium (100 %) and silicates (98.3 %) were achieved.  Boron was more difficult 
to eliminate (13.3 %) and this was postulated to be due to the elevated solution pH.  
Similarly, fluoride removal from solution (44 %) was also inhibited by the presence 
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of hydroxide ions in the pH range 9 to 10.  Analysis of produced flocs suggested the 
dominant presence of relatively amorphous boehmite (AlOOH), albeit the formation 
of Al(OH)3 was not ruled out as the drying process employed may have converted 
aluminium hydroxide to aluminium oxyhydroxide species.  Evidence for adsorption 
of contaminants on floc surface sites was determined from FTIR studies.  The 
quantity of aluminium released during the electrocoagulation process was higher 
than the Faradaic amount which suggested that the high salt concentrations in the 
coal seam water had chemically reacted with the aluminium electrodes.   
Electrocoagulation using mild steel electrodes confirmed that higher current 
density and longer contact time accelerated the removal of various species from the 
coal seam water.  Alkaline earth ions could be effectively removed from coal seam 
water at a current density of ca. 1.58 mA/cm2 (barium (100 %); strontium (78 %); 
magnesium (77 %); calcium (64 %)).  Likewise, dissolved silica species were also 
removed in significant amounts (up to 84 %).  Other species of interest such as 
fluoride, bromide, and sulphate were not significantly removed and this was 
attributed to a combination of alkaline solution pH and the presence of competing 
ions.  Dissolved organic carbon was substantially removed (60 %) and sorption on 
“green rust” may explain this latter occurrence.  The electrocoagulation process 
produced non-Faradaic quantities of floc due to etching of the mild steel by the saline 
coal seam water.  The floc volume was also substantial and the flocs were mainly 
amorphous in character.  Higher applied current densities formed denser flocs which 
settled faster compared to flocs created at lower current densities.   
Study of aluminium chlorohydrate and aluminium sulphate coagulants for both 
simulated and actual coal seam water showed that for simulated coal seam water 
samples the degree of dissolved silica removal was generally high (>85 %) and 
promoted by increasing water salinity.  Alum was significantly more efficient at 
removing silica and alkaline earth ions from simulated coal seam water.  Variation in 
coal seam water composition of relatively concentrated solutions detrimentally 
impacted alkaline earth ion removal and in some instances reduced the extent of 
dissolved silica removal.  When actual coal seam water samples were studied, the 
amount of aluminium chlorohydrate required was significantly increased and the 
silica removal process inhibited.  It was proposed that the presence of organic species 
in the real coal seam water played an important role in the mode by which the 
coagulants operated.   
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Application of ferric chloride and ferric sulphate to both simulated and actual 
coal seam water also revealed that dissolved silica was the major species eliminated 
by either coagulant with >80% removal observed for simulated coal seam water.  
Alkaline earth concentrations were also impacted with barium ions highly favoured, 
in contrast to magnesium which was scarcely removed.  Salinity of the CS water 
sample influenced the ability of the coagulants to reduce silica quantities in solution 
which may be due to differences in floc structure and the cation demand of the 
solution.  Varying the simulated CS water composition revealed that the degree of 
silica removal could be promoted, albeit it was not clear that this outcome was 
related to the presence of a particular species in solution.  Use of real CS water 
resulted in inhibition of the silica removal mechanism which was ascribed to the 
presence of organic materials and turbidity causing entities, not accounted for in 
simulated solutions.  Residual iron levels also seemed to increase when real CS water 
was tested and with ferric sulphate the issue of contamination of treated water with 
sulphate species arose, an issue which may impact downstream membrane fouling.   
Overall, the application of electrocoagulation and coagulation to CS water pre-
treatment was revealed in this study to be prospective.  Our knowledge of both the 
latter techniques has been considerably expanded by this research project and new 
information has been gained with regards to what species may be targeted for 
remediation.    
Future research is required to understand not only the influence of varying coal 
seam water composition upon electrocoagulation performance but to investigate 
means of reducing electrode and power consumption. Future studies should also 
focus on understanding in more detail the influence of organic matter and dissolved 
cations and anions upon coagulant behaviour.  In particular, the impact of CS water 
composition upon the removal of dissolved alkaline earth ions and silicate species 
needs to be better understood.  In addition, understanding the means by which 
organic materials can prevent removal of silica may reveal means to negate this 
effect.               
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Chapter 1: Introduction 
1.1 BACKGROUND 
Coal seam gas (CSG) also known as coal bed methane (CBM), has become an 
important source of energy worldwide [1].  Many countries such as the United States, 
Australia, India, Russia, Canada, and China are investing in the CSG industry [2, 3].  
Rising environmental concerns and a decline in conventional gas resources, have 
prompted a global interest in the exploration of CSG.  CSG is primarily composed of 
methane and trapped underground in coal cleats by water pressure [4].  In order for 
the gas to flow, the system must first be depressurized, thus significant amounts of 
produced water are generated.  This produced or associated water consists of various 
salt constituents, which usually require treatment prior to any beneficial reuse to not 
only comply with government regulation but also to reduce environmental problems 
[5].   
  
1.2 CONTEXT 
Brackish water produced from the coal seam gas industry should be seen as a 
resource rather than a problem.  However, the salinity of the coal seam (CS) water is 
usually 1000 to 10000 mg/L with the primary components being dissolved sodium 
chloride and sodium bicarbonate [6].  Normally, the Sodium Absorption Ratio (SAR) 
of the CS water (which is the ratio of sodium ions relative to calcium and magnesium 
ions) is high and as such problems would be expected if this water was used directly 
on soil.  For example, excessive sodium ion concentration in CS water may promote 
a  
reduction in soil permeability [7].   
 
The current technology primarily used in Queensland for CS produced water 
treatment is reverse osmosis (RO) [8].  RO is a well proven desalination technology 
which has been employed globally for purification of both brackish and seawater [9, 
10].  However, RO membranes are susceptible to fouling and scaling, which can 
result in process inefficiency and higher operational costs [11].  As a result, pre-
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treatment of feed water is necessary in order to protect the RO desalination stage 
[12].   
 
1.3 PURPOSE 
As outlined above, membrane fouling and scaling in reverse osmosis systems 
remains a challenge to the water industry.  This study was designed to investigate 
means by which to alleviate the presence of species such as but not limited to 
dissolved silica, alkaline earth ions, suspended particulates and dissolved organic 
carbon in CS water.  In particular, coagulation and electrocoagulation were chosen as 
they have been extensively studied and commercialized for a variety of wastewater 
types, for the aforementioned foulants [13-15].  However, there is minimal 
information available regarding the applicability of coagulation and 
electrocoagulation for the treatment of CS water.    
 
Conventional chemical coagulation usually involves the addition of either inorganic 
metal salts or organic materials to the water sample [15-17].  There are several 
different types of inorganic metal coagulants, with the most popular including 
aluminium chlorohydrate (ACH), polyaluminium chloride (PACl), aluminium 
sulphate (alum), ferric chloride, and ferric sulphate.  Application of the various 
coagulants in water treatment can have significantly different results, depending on 
the test conditions [18].  Hence the first research goal is the determination of the 
most suitable metal based coagulant for the treatment of CS water.   
 
Electrocoagulation (EC) is an old technology which is undergone a resurgence of 
interest in recent years.  This is all due to the rapid development of power industry 
and increasing complexity of wastewater components.The most commonly used 
sacrificial anodes in EC are aluminium and iron based, and the key economic 
contributors to this technology operation are electricity consumption and electrode 
use [19].  The second research question for this thesis relates to the discovery of 
which anodes provide better results in the removal of target contaminants from CS 
water.   
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1.4 SIGNIFICANCE, SCOPE AND DEFINITIONS 
The significance of this project relates to the need to enhance water recovery 
rates in RO systems in order to provide water for beneficial reuse more 
economically.  The availability of water on a regular basis can have a deep impact on 
local communities and agriculture, especially in the drought prone rural areas of 
Queensland.  
 
As outlined above, there is a gap in our knowledge as to how best to control fouling 
and scaling of RO membranes and equipment.  Based upon the CSG industry need to 
develop technical solutions rapidly for deployment, we have chosen to study both 
coagulation and electrocoagulation not only because they are in theory readily 
available methods but also because comparison and understanding of the behaviour 
of these latter two technologies is theoretically of interest.  The complexity and 
variability of CS water inherently means that a comprehensive fundamental 
knowledge of coagulation and electrocoagulation performance is required in order to 
predict applicability of these methods.  Literature has suggested that 
electrocoagulation and coagulation may remove dissolved species of the type found 
in CS water, but extension of these studies to CS water has not been conducted.   
 
Similarly, for coagulation the most widely available coagulants based upon iron and 
aluminium were studied and not more developmental types.   
 
Ultimately, the aim of this study was to discover if either conventional chemical 
coagulation or electrocoagulation has potential for coal seam water treatment.  
  
1.5 THESIS OUTLINE 
This study was divided into two sections, namely electrocoagulation and coagulation.  
Further separation into aluminium and iron based materials was performed and as a 
result this thesis contains four main chapters relating to these studies.  Each of the 
four main chapters has an individual introduction section as well as a brief literature 
review relevant to that study area.  Figure 1.1 shows the overall structure of this 
thesis.   
 4 Chapter 1: Introduction 
 
Figure 1 Map of Thesis Structure 
 
Chapter 2 was a brief literature review, which explained the background theory of 
coagulation and electrocoagulation.  Chapter 2 outlined the fundamental principles of 
coagulation and electrocoagulation and illustrated some previous applications of 
these aforementioned technologies.   
 
Chapter 3 related to treatment of actual coal seam water by electrocoagulation 
technology using aluminium anodes.  The parameters studied included the impact of 
contact time and current density.  This chapter comprehensively evaluated the 
removal extent of a wide range of dissolved contaminants including calcium, 
magnesium, barium, strontium, silica, boron, fluoride, sulphate, bromide, and 
dissolved organic carbon.  Suspended solids eradication and physical parameters 
such as pH, conductivity, and colour were also studied.  Floc mass and 
characteristics were also studied in an effort to gain a clearer picture of the overall 
electrocoagulation process.  
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Chapter 4 reported the results on the treatment of coal seam water by 
electrocoagulation using mild steel (iron) anodes.  The parameters studied were the 
same as in Chapter 3.    
 
Chapter 5 concerned the performance of two aluminium based coagulants, 
aluminium sulphate (alum) and aluminium chlorohydrate (ACH).  Jar tests were 
completed and the removal efficiency determined for dissolved contaminants 
including calcium, magnesium, barium, strontium, silica, boron, fluoride, sulphate, 
bromide, and dissolved organic carbon.  The impact of water salinity and 
composition was of particular interest to assess applicability of coagulants to a wide 
range of CS water samples.  
 
Chapter 6 focused on the treatment of coal seam water by two iron based inorganic 
coagulants, ferric sulphate and ferric chloride.  The parameters studied and approach 
taken were similar to those detailed for Chapter 5.    
 
Chapter 7 provided a brief comparative summary of the performance of coagulation 
and electrocoagulation in the removal of major contaminants from coal seam water.  
Conclusions were drawn as to which method of pre-treatment proved to be best and 
what the remaining challenges were to implement the technology in the CSG 
industry.  
 
Chapter 8 detailed the references used in this thesis. 
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2.1 COAL SEAM GAS INDUSTRY 
Natural gas, predominantly methane, is a relatively abundant resource with recent 
estimates suggesting global reserves are approximately 187.1 trillion m3 [20].  There 
has been a growing shift to using gas as a fuel as traditional use of coal results in 
substantially greater emissions of greenhouse gases [21].  Gas resources are 
classified in terms of conventional and unconventional resources.  Conventional 
resources are those are typically found in large underground reservoirs and may or 
may not be associated with the presence of crude oil [20].  Unconventional resources 
include gas hydrates [22], shale gas [23], deep aquifer gas [20] and coal seam gas (or 
coal bed methane) [1].  
 
Of particular relevance to Australia is coal seam gas which has resulted in the growth 
of a relatively new industry sector in the past decade [24].  The majority of the coal 
seam gas deposits are located on the east coast of Australia with Queensland 
containing the majority of unconventional gas resources [4].  The market for coal 
seam gas is a combination of domestic use and exports in terms of liquefied natural 
gas (LNG) [25].  Four companies dominate the Queensland CSG industry; 
Queensland Gas Corporation (QGC); Australia Pacific Liquefied Natural Gas 
(APLNG); Santos GLNG; and, Arrow Energy.  Three main regions which have been 
or will be exploited in Queensland are the Surat, Bowen and Galilee basins [26, 27].       
 
Coal seam gas forms as a result of either biogenic, metamorphic or thermogenic 
processes [1].  The depth of the coal seams of interest is typically in the range 200 to 
1000 m [5].  Wells are drilled into the coal bed and the gas is extracted by releasing 
the hydrostatic pressure which holds the gas in the coal cleats.   
 
 
2.2 COAL SEAM WATER 
The coal seam (CS) water produced along with the desired gas is invariably saline in 
character with a total dissolved solids content in the range 200 to 10,000 mg/L [28].  
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As the water arises from depressurization of the coal seams, at the beginning of the 
drilling operation a relatively large amount of water is extracted in relation to the gas 
volume collected.  With increasing time the volume of water produced diminishes 
and the volume of gas is enhanced [3].  Estimates of the total volume of associated 
water production from the CSG industry are highly variable and it is accepted that 
several GL of water per annum will be generated but precise figures are difficult to 
ascertain.  
 
The major species found in coal seam water are typically sodium chloride and 
sodium bicarbonate [29].  In the USA, sodium bicarbonate often dominates the water 
composition [30] and as such the pH of the CS water is usually 7 or higher [31].  
Table 1 summarizes the most commonly reported species present in coal seam water 
in Queensland.    
 
Table 1: Summary of major constituents present in coal seam water in Queensland 
 
Sodium Chloride 
Potassium Fluoride 
Calcium Sulphate 
Strontium Bicarbonate 
Magnesium Carbonate 
Barium Boron 
Dissolved aluminium Total aluminium 
Dissolved iron Total iron 
Dissolved silica Total silica 
Algae Natural Organic Matter (NOM) 
Suspended solids (SS) Ammonia 
 
Typically, the CS water cannot be directly used for beneficial reuse options such as: 
irrigation; dust suppression; aquifer recharge; aquaculture; drinking water; livestock 
water.  For example, problems can occur when the CS water is added to soil as 
clumping may happen [7].  An important parameter in this latter respect is the 
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Sodium Absorption Ratio (SAR) which is a measure of the ratio of sodium ions in 
the water to the sum of calcium and magnesium ions present [Equation 1]. 
 
Equation 1:     𝑆𝑆𝑆 =  [𝑁𝑁+]
�[𝐶𝑁2+]+[𝑀𝑀2+]
2�
 
 
To facilitate beneficial reuse of the CS water a desalination stage is often necessary 
to ensure the water quality is compliant with regulatory guidelines.  In Queensland, 
reverse osmosis has been implemented by the four main CSG companies [32, 33].  
Reverse osmosis membranes cannot be used effectively without the presence of other 
unit operations which can pre-treatment the water to prevent deterioration of RO 
performance [10].  The precise strategy deployed to protect RO membranes is highly 
dependent upon water quality [34] and there is no accepted standard for coal seam 
water treatment at present [4, 35].  Instead, a general strategy can be summarized as 
in Figure 1 where coarse and fine filtration methods need to be developed.        
  
 
Figure 1: General schematic of strategies to treat coal seam water 
 
As stated previously, CS water inherently comprises of a high pH value and 
comprises of significant concentrations of bicarbonate species.  Consequently, there 
exists the possibility of production of scale forming species such as calcium 
carbonate [31].  The issue of scaling is one of concern to reverse osmosis operators 
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as it can lead to a reduction in water recovery rate and thus make the economics less 
favourable [11, 36].  Technical options to mitigate scaling include water softening 
[37] and addition of anti-scalant chemicals [38].  Ion exchange using either weak 
acid or strong acid cation resins [39] can be employed to exchange alkaline earth 
ions with sodium ions.  However, the main drawback of this method is the high 
consumption of chemicals for the regeneration stage.  Anti-scalant chemicals are 
popular but they contaminate the brine solution and thus can cause issues in relation 
to brine management.  The problems associated with silica fouling have been 
discussed by Gray and co-workers [40, 41].  A range of possible solutions to the 
problem were discussed in relation to their advantages and disadvantages.  For 
example, operating with water adjusted to low pH conditions could eliminate the 
silica fouling problem in theory but this process is not yet commercial and the costs 
associated with reducing the pH of the bicarbonate/carbonate buffer in CS water may 
be significant.          
 
2.3 ELECTROCOAGULATION 
Electrocoagulation (EC) is a technique which has received considerable interest in 
relation to treatment of a variety of water and wastewater problems [13, 42-45].  
Fundamentally, electrocoagulation involves the direct introduction of aluminium or 
iron coagulants to water by means of an electric potential to series of metal plates 
[Figure 2].  Electrocoagulation potentially may offer advantages in terms of limited 
chemical addition; capability to treat a wide range of water contaminants; ability to 
treat fine colloidal particles; relatively small sludge volumes; and reduced 
operational footprint [46].  
 
Mechanistically, the chemistry involved appears to depend upon process conditions 
such as electrode identity and solution pH.  With aluminium and mild steel (iron) 
electrodes it is generally agreed that the following three processes occur [Equations 2 
to 4] [47] (where M =either Fe or Al).  
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Figure 2: Illustration of the electrocoagulation (EC) concept 
 
 
Equation 2   𝑀 →  𝑀3+ + 3 𝑒−       Anode 
 
Equation 3   2 𝐻2𝑂 →  𝑂2 + 4 𝐻+ + 4 𝑒−    Anode 
 
Equation 4:   𝐻2𝑂 +  𝑒−  →  12  𝐻2 + 𝑂𝐻−    Cathode 
 
In addition to the fundamental electrochemical processes occurring during the 
electrocoagulation treatment, it has been demonstrated that super-Faradaic 
dissolution of the electrode materials can occur due to corrosion phenomena [48].  
Guseva et al. [49] investigated the impact of the presence of sodium chloride in 
solution upon the dissolution of aluminium electrodes and derived a model which 
included the formation of various aluminium oxychloride complexes.  Notably, CS 
water contains mainly sodium chloride and thus it is expected that electrocoagulation 
of CS water solutions may be complex.   
 12 Chapter 2: Literature Review 
Electrocoagulation has been reported to remove scaling species from solution such as 
calcium [50] and silica [51].  Kamaraj and Vasudevan [52] indicated that both iron 
and aluminium based electrodes in an EC unit could remove >90 % strontium ions 
from solution.  However, as with many instances where EC has been tested the 
solutions were idealized with only strontium salt dissolved in water.  Whether 
strontium ions could be removed in the presence of many other ions such as those in 
CS water has not been demonstrated.  Likewise, Zhi and Zhang [53] showed that EC 
with aluminium plates removed dissolved silicate ions but that addition of competing 
salts could lead to passivation of the electrodes.     
 
The main costs of electrocoagulation operation include electrode and electricity 
consumption.  Consequently, some effort has been directed to the use of waste 
materials for electrodes such as scrap metal [54].  Ardhan et al. [54] packed a porous 
PVC tube with machine-shop metal turnings and found that this system performed 
comparably to conventional rod type anodes for colour removal from dye solutions.  
However, this approach has not been scaled up to the best of our knowledge.     
   
Minimal information has been provided regarding the nature of the flocs produced 
during electrocoagulation [55].  This latter situation is surprising as essentially 
electrocoagulation is simply a dosing system to a clarifier vessel wherein flocs will 
need to be separated from the treated liquid.  Hence, an understanding of the floc 
structure, composition, and settling behaviour is essential.  Lee and Gagnon [55] 
used electron microscopy to show that EC flocs were relatively amorphous and that 
they were characterized by a fractal structure.  Lee and Gagnon [56] also compared 
flocs created by electrocoagulation with those by chemical coagulation and 
concluded that chemical coagulation derived flocs were more dense that those 
formed using EC.      
      
2.4 COAGULATION 
The basis of chemical coagulation involves a two stage process; (1) addition of a 
suitable coagulant which destabilizes charged or colloidal particles; (2) 
agglomeration of fine particles into larger structures (“flocs”) which can be settled 
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out of solution [17].  Figure 3 provides an illustration of the basic principles of a 
charged colloidal particle in solution.  
 
 
Figure 3: Schematic of double layer structure around a colloidal particle 
 
The negative charges on the particle are sufficient to overcome the attractive charges 
between particles.  Oppositely charged ions are attracted to the colloid surface and 
form a densely packed Stern layer.  The positively charged ions in the Stern layer 
will in turn attract their counter ions in the diffuse layer.  The resultant potential 
between the particle surface and bulk solution is termed the Zeta Potential and this 
provides an insight to the stability of the colloidal species.  The stability of the 
colloidal particle in solution is often described by the well-known Derjaguin, 
Landau, Verwey, and Overbeek (DLVO) theory [57].  The three main pathways for 
contaminant removal by coagulants are electrostatic, precipitation and sorption [58].  
An illustration of a generic coagulation-flocculation-sedimentation process is shown 
in Figure 4. 
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Figure 4: Visualization of a coagulation – flocculation – sedimentation process 
 
Chemical coagulants normally can be classified into two categories, inorganic and 
organic versions.  Iron and aluminium based materials are the most common 
inorganic coagulants due to a combination of their effectiveness and relatively low 
cost. Aluminium coagulants include aluminium sulphate (alum) [59], sodium 
aluminate [60], aluminium chlorohydrate (ACH) [61], and polyaluminium chloride 
(PACl) [59].  Simple salts such as alum dissolve and then the aluminium ions 
hydrolyze upon addition to wastewater samples [59].  Pre-hydrolyzed coagulants 
such as ACH are thought to be more effective in some instances and an important 
parameter is the basicity of the material [62].  Iron coagulants encompass ferric 
sulphate [63], and ferric chloride [62] among others. 
 
Polymeric coagulants which can be cationic, anionic or non-ionic have been 
employed.  For example, polyDADMAC has been reported as a possible replacement 
for iron based coagulants for the purification of water run-off from peat [64].  
 
Coagulation processes mainly are employed for the removal of suspended solids (SS) 
[65] and natural organic matter (NOM) [66].  However, there is ample evidence that 
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dissolved ions can also be removed by coagulation mechanisms [58], albeit not for 
coal seam water application.   
 
2.5 SUMMARY AND IMPLICATIONS 
The brief literature review presented has identified a need for improved 
methods to pre-treat coal seam water produced from CSG operations, prior to a 
central desalination stage.  It is our core hypothesis that electrocoagulation and 
coagulation may be suitable as part of a solution to the aforementioned problem.  
Foremost research questions to answer include: 
 Coagulation:  
(1) What are the minimum dose rates required 
(2) Which species are removed by coagulation 
(3) Why are some species eliminated from solution and others remain 
(4) What factors impact coagulant efficiency 
(5) What are the floc characteristics 
(6) What is the optimal coagulant dosing strategy    
  
Electrocoagulation:  
(7)       What are the optimum operating parameters for EC cells 
(8)       Which species are removed and to what degree 
(9)       What is the effect of flow rate when CS water passes through the EC cell 
(10) What is the impact of EC upon the treated water pH 
(11) How does current density inhibit or promote the electrocoagulation process 
(12) How much electricity is consumed per kL of water treated 
(13) Is the floc mass produced consistent with Faradaic predicted quantities 
(14) How do the flocs behave 
(15) What type of flocs are produced 
(16) What are the flocs composed of 
 
Both electrocoagulation and coagulation have been extensively studied and as 
such there is considerable potential to achieve meaningful data which can be 
translated to industrial application.  A key aspect of this study will be comparison of 
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simulated CS water samples with actual coal seam water collected from an operating 
gas field in Queensland.     
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Process Engineering, 4 (2014) 166-178 
 
This work explored the applicability of electrocoagulation (EC) using 
aluminium electrodes for the removal of contaminants which can scale and foul 
reverse osmosis membranes from a coal seam (CS) water sample, 
predominantly comprising sodium chloride, and sodium bicarbonate.  In 
general, the removal efficiency of species responsible for scaling and fouling was 
enhanced by increasing the applied current density/voltage and contact times 
(30 to 60 s) in the EC chamber.  High removal efficiencies of species potentially 
responsible for scale formation in reverse osmosis units such as calcium (100 
%), magnesium (87.9 %), strontium (99.3 %), barium (100 %) and silicates 
(98.3 %) were achieved.  Boron was more difficult to eliminate (13.3 %) and this 
was postulated to be due to the elevated solution pH.  Similarly, fluoride 
removal from solution (44 %) was also inhibited by the presence of hydroxide 
ions in the pH range 9 to 10.  Analysis of produced flocs suggested the dominant 
presence of relatively amorphous boehmite (AlOOH), albeit the formation of 
Al(OH)3 was not ruled out as the drying process employed may have converted 
aluminium hydroxide to aluminium oxyhydroxide species.  Evidence for 
adsorption of contaminants on floc surface sites was determined from FTIR 
studies.  The quantity of aluminium released during the electrocoagulation 
process was higher than the Faradaic amount which suggested that the high salt 
concentrations in the coal seam water had chemically reacted with the 
aluminium electrodes.   
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3.1 INTRODUCTION 
 
Electrocoagulation (EC) is a technique which has received interest in a wide range of 
water applications, summaries of which are provided in the literature [13, 43, 67-69].  
Fundamental operating practices for EC involve the direct introduction of aluminium 
or iron coagulants to water by the application of an electric potential to a series of 
metal plates that are immersed in the water.  It is claimed that EC offers several 
advantages compared to standard coagulation methods including: lower chemical 
addition; capability to treat a wide variety of water contaminants; ability to treat finer 
colloidal particles due to charge inactivation; smaller sludge volumes; low power 
consumption; small operating costs and reduced operational footprint [70, 71].  
Despite the aforementioned potential advantages of electrocoagulation, there appears 
to be minimal systematic evaluation of EC as applied to the treatment of coal seam 
water [72].  Rusdianasari et al. [73] evaluated electrocoagulation using aluminium 
electrodes for the remediation of coal stockpile wastewater.  These authors found that 
removal of dissolved iron, manganese and suspended solids was promoted by 
increasing current density and exposure time.  Sanfan [74] investigated the use of 
electrocoagulation to purify brackish water using a range of electrode types and 
configuration.  Aluminium electrodes were said to be problematic in terms of cost 
and susceptibility to passivation and thus mild steel materials were favoured.  
Notably, it was reported that aeration of the incoming feed solution was required to 
ensure optimal performance.  Reuse of flocs which settled to the bottom of the batch 
EC reactor was also postulated to be beneficial in terms of aiding removal of 
contaminants such as alkaline earth ions.  Gomes et al. [75] applied 
electrocoagulation to produced water samples which contained a variety of dissolved 
metal impurities and were characterized by high chemical oxygen demand (COD).  
Significant control of the COD content was observed, albeit problems were 
encountered in terms of metal ion removal and this was attributed to a lack of “green 
rust” formation when using mild steel electrodes.  Sanfan and Qinlai [76] reported a 
mechanistic investigation of brackish water purification using electrocoagulation and 
considered current density to be the most important factor.  Koparal [77] 
demonstrated the applicability of electrocoagulation in conjunction with 
conventional water treatment methods such as precipitation, adsorption, filtration and 
electrodialysis for removal of salinity from produced water.  Use of either mild steel 
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or aluminium electrodes substantially reduced the concentration of all ions apart 
from sodium and chloride.  The latter two species were removed when 
electrocoagulation was integrated with alternate desalination techniques. 
                 
The use of EC to treat CS water appears reasonable given that produced water 
inherently contains significant concentrations of sodium chloride.  In early designs of 
EC processes, NaCl was added to solutions with low total dissolved solids (TDS) in 
order to make them conductive [78].  Hence, cost savings for EC operation are 
potentially available, as well as compatibility with EC operational practice, in the 
treatment of coal seam water [79].  This study therefore reports the outcomes of 
electrocoagulation using aluminium electrodes to treat actual coal seam water 
samples acquired from an operating coal seam gas field in Queensland, Australia.   
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3.2 MATERIALS AND METHODS 
3.2.1 Electrocoagulation 
The EC system originally supplied by Ellers Water Services Australia was based on 
the technology of Powell Water Recovery [80, 81].  The basic set-up comprised a 
vertical cell which accommodated 13 electrode plates of dimension 15 by 10 by 0.3 
cm, separated by a distance of 0.3 cm [Figure 5].  The EC reactor was connected to a 
DC power supply with polarity reversal function. A peristatic pump was used to 
deliver feed water into the EC reactor at a set flow rate which typically resulted in a 
contact time of 30 sec for each standard treatment.  In this work, aluminium 
electrodes which had been previously cleaned by exposure to a 30 % v/v 
hydrochloric acid solution, were evaluated for their performance.  The EC system 
was operated in a bipolar arrangement [46] and subjected to polarity reversal 
approximately every 30 seconds.  All experiments were conducted at an ambient 
temperature of ca. 22 oC 
 
The EC reactor held 13 electrode plates with a net spacing between each plate of 3 
mm.  The EC cell had a vertical flow configuration with feedwater entering from the 
bottom and exiting at the top.  The first series of experiments involved treating CSG 
water with steel plates at 37.9, 28.4, 18.9 and 9.5 V for 30  and 60 s contact times. 
The second series of experiments followed the same protocol as outlined above with 
aluminium plates.  After each experiment, the treated samples were agitated to break 
the microbubbles in order to aid settling in a 2 L measuring cylinder.  Once the flocs 
settled, a small sample of the subnatant solution was removed for analysis.  
 
 
 
Figure 5: Bench scale electrocoagulation unit with a peristaltic pump, and DC power 
supply 
 22 Chapter 3: Evaluation of Electrocoagulation for the Pre-Treatment of Coal Seam Water: Aluminium Electrodes 
 
3.2.2 Analysis Methods 
Inductively Coupled Plasma Optimal Emission Spectrometer (ICP-OES) 
A PerkinElmer Optima 8300 DV ICP-OES was used to analyse aqueous samples.  
Prior to analysis, samples were adjusted to pH = 2 by addition of 100 µL of 70 % 
nitric acid which was first purified using a Savillex DST-1000 distillation unit.  Ca, 
Mg, Na, Fe and K standards were prepared by using Australian Chemical Reagents 
(ACR) multi-element standard, while boron, Si and Al standards were prepared 
separately using ACR single element standards.   
 
Ion Chromatography 
A Dionex 2100 – RFIC ion chromatography unit was used to analyse a range of 
anions in aqueous solution.  The samples were filtered through a Dionex OnGuard II 
Na column to remove Al.  The standards were prepared from AR grade sodium and 
potassium salts dried in an oven for 2 hours at 150°C.  The method of analysis 
conformed to EPA method 300.1.  The software package, Chromeleon was used to 
control instrument conditions and process data.  A Dionex AS 18 (4 mm × 250 mm) 
column was heated at 30°C and a conductivity detector was heated at 35°C with 25 
µL injection. 
 
pH and Conductivity  
Solution pH and conductivity measurements were undertaken with meters supplied 
by TPS, Australia.  The pH meter was calibrated using pH buffer 7.00 and 4.01 
standard solutions manufactured by TPS, while the conductivity meter was calibrated 
in air and a 2.76 mS conductivity standard supplied by TPS. 
 
Total Organic Carbon (TOC) / Dissolved Organic Carbon (DOC) 
A GE Sievers InnovOX TOC analyser fitted with a GE autosampler was used to 
analyse TOC/DOC in all the samples in this study.  The DOC samples were first 
filtered through a 0.45 micron syringe prior to the analysis, whereas the TOC 
samples were taken directly from each experimental water sample.   
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Total Suspended Solids (TSS)  
Advantec GB-140 glass filter paper was used for all the TSS measurements.  The 
aqueous sample was first filtered through the filter paper and then dried in an oven at 
120°C for at least an hour.  The sample was then removed from the oven and allowed 
to cool before being accurately weighed.  It was then put back in the oven to dry for 
another hour until the difference in the consecutive weight values was no more than 
0.5 mg. 
 
Fourier Transform Infrared Spectroscopy (FTIR) 
A Thermo Scientific Nicolet iS50 Fourier Transform Infrared (FT-IR) spectrometer 
equipped with an iS50 ATR multi-range, diamond sampling station was used.  
Spectra were acquired by averaging 64 scans over the range 350 to 4000 cm-1 at 4 
cm-1 resolution.  Thermo Scientific OMNIC™ research software was used to control 
the FTIR spectrometer and process resultant spectra.      
 
X-Ray Diffraction 
A PANalytical XPERT-PRO X-Ray Diffraction unit was employed using a β filtered 
Co radiation at a voltage of 40 kV and current of 40 mA.  A 0.5 ° divergence slit was 
used.  Range was 4° to 90° 2 theta with 0.0167 ° 2 theta step size at 3° 2 theta/ min. 
 
Apparent Colour/True Colour 
A Hach DR5000 UV-VIS spectrophotometer was used to measure both apparent and 
true colour.  Hach method 8025 “Colour, True and Apparent, Low Range” was used 
to analyse the samples and values were reported in terms of Pt-Co colour units.  The 
fundamental difference between True and Apparent colour measurements was that 
the True colour solution was initially filtered through a 0.45 micron syringe before 
analysis.    
 
UV254 nm Absorbance 
The absorbance at UV wavelength 254 nm has normally been taken as an indication 
of the presence of aromatic rings associated with species such as algae.  A Hach 
DR5000 UV-VIS spectrophotometer was used to detect Organic Constituents UV 
Absorbing (UV-254) using Hach test method 10054 and 1 cm cells. 
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Turbidity 
A Hach 2100Q portable turbidity meter was used and calibrated using a variety of 
turbidity standards.  
 
Optical Microscopy 
Samples were placed in a petri dish without drying, and imaged using a Leica M125 
Zoom Stereo Microscope at 40x magnification.   
 
Scanning Electron Microscopy (SEM) 
A Zeiss Sigma VP Field Emission Scanning Electron Microscope was used to collect 
images of the floc samples.  Prior to introduction to the SEM chamber the samples 
were dried by placing on aluminium pin stubs and allowing the liquid to evaporate in 
air at ambient temperature.  An operating voltage of 20 kV was used and a working 
distance of 8.6 mm employed.   
 
3.2.3 Coal Seam Water 
Samples of coal seam water were provided by a major coal seam gas company 
operating in the Surat basin, Queensland.  The composition of the coal seam water is 
provided in Table 2.  Overall, the CS water had relatively low total dissolved solids 
content and was typical of Australian coal seam water in that the predominant 
species were sodium chloride and sodium bicarbonate. 
 
3.2.4 Electrocoagulation Tests 
A coal seam water feed flow rate of 1.14 litres per minute was used in all 
experiments and a total volume of 2 litres of CS water was treated in each 
experiment.  The flow rate was accurately measured by calibration of the peristaltic 
pump employed prior to the EC tests commencing.  One pass through the EC cell 
was equivalent to a contact time of 30 seconds for each CS water sample.  Longer 
contact times were achieved by re-treating via multiple passes through the EC cell.  
Treatment times longer than 60 seconds were not evaluated due to consideration of 
commercial constraints associated with excessive power consumption and 
maximization of throughput.  A summary of the testing protocol is shown in Table 3.  
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Settling tests were conducted by transferral of the treated solutions to 2 L measuring 
cylinders.  The maximum total voltage of the power supply was 37.9 V which 
equated to 3.15 V for each of the 12 cells present in the electrocoagulation unit.  The 
total electrode surface area exposed to the coal seam water was 3600 cm2, two 
electrode faces were pressed against the walls of the EC chamber and did not take 
part in the process.          
 
Table 2: Initial composition of coal seam water 
Species Concentration Units 
Sodium 679 mg/L 
Potassium 34 mg/L 
Calcium 2.93 mg/L 
Magnesium 0.83 mg/L 
Barium 0.16 mg/L 
Strontium 0.46 mg/L 
Dissolved Silica 10.52 mg/L 
Boron 0.935 mg/L 
Chloride 500 mg/L 
Fluoride 5.69 mg/L 
Bicarbonate 792 mg/L 
Carbonate 138 mg/L 
Bromide 2.42 mg/L 
Sulphate 2.94 mg/L 
Solution pH 9.03  
Solution Conductivity 3260 µS/cm 
Turbidity 8.40 NTU 
True Colour 9 Pt-Co 
Apparent Colour 76 Pt-Co 
Suspended Solids 7.5 mg/L 
Dissolved Organic Carbon  6.4 mg/L 
UV254 0.119 Abs 
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Table 3: Experimental plan 
Experiment 
Number 
Electrode 
Material 
Voltage per Cell 
(V) 
Current 
(Amps) 
Contact Time 
(s) 
Exp1 Aluminium 3.15 2.88 30 
Exp2 Aluminium 3.15 2.93 60 
Exp3 Aluminium 2.36 1.84 30 
Exp4 Aluminium 2.36 1.9 60 
Exp5 Aluminium 1.57 0.92 30 
Exp6 Aluminium 1.57 0.92 60 
Exp7 Aluminium 0.79 0.12 30 
Exp8 Aluminium 0.79 0.12 60 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Physical Parameters 
Application of electrocoagulation to the coal seam water resulted in a variety of 
changes to the physical parameters and composition.  Figure 6 shows the impact 
electrocoagulation had upon the pH of the coal seam water in relation to the current 
density applied and the total contact time of the solution in the electrocoagulation 
chamber.  As a general observation, increasing the contact time from 30 to 60 
seconds elevated the solution pH in each instance.  In addition, the greater the current 
density used the more the solution pH was raised.  In contrast, the solution 
conductivity showed a quite different trend in behaviour [Figure 7].  In every 
instance the solution conductivity was less for the 60 seconds contact time 
experiments compared to the 30 seconds variants.  Albeit, overall there was 
relatively small differences in the values of the conductivities for the treated water 
compared to the starting water.  Den and Wang [82] reported that during 
electrocoagulation of brackish water, the effluent pH and conductivity did not change 
notably from the feed pH and conductivity.  Laura et al. [83] also observed that there 
was little variation of conductivity for municipal wastewaters after 
electrocoagulation treatment. 
 
 
Figure 6: Variation of solution pH as a function of current applied and contact time 
for aluminium plates 
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The interpretation of pH behaviour in electrocoagulation studies can be complex 
[84], due to the variety of chemical and electrochemical processes which may occur 
[85].  Canizares et al. [84] investigated the pH variation in a simple solution 
comprising of dissolved sodium chloride in pure water when electrocoagulation was 
applied using aluminium electrodes.  Notably, the pH value increased by up to 2 pH 
units depending upon the aluminium dosage.  The fundamental processes cited were 
those shown in Equations 5 to 7. 
Equation 5   Al(s) → Al3+ + 3 e−                (anode) 
Equation 6   2 H2O →  O2 + 4 H+ + 4 e− (anode) 
Equation 7   H2O +  e−  →  12  H2 + OH−    (cathode) 
 
 
Figure 7: Variation of solution conductivity as a function of current applied and 
contact time for aluminium electrodes 
 
Equations 5 & 7 were the dominant elementary processes during electrocoagulation.  
At the alkaline pH conditions encountered in this study published equilibrium 
diagrams indicate the formation of Al(OH)3 species was expected [86].  Mouedhen et 
al. [87] reported the pH variation during aluminium electrocoagulation of mixed 
sodium sulphate and sodium chloride solutions.  When the initial solution pH was 
below 9 the final pH tended to increase, whereas for solutions of initial pH greater 
than 9 a drop in final pH was noted.  With reference to the pH range of 9 to 10 which 
was noted in this study of coal seam water treatment, the study of Canizares et al. 
 Chapter 3: Evaluation of Electrocoagulation for the Pre-Treatment of Coal Seam Water: Aluminium Electrodes 29 
[84] suggested that the dominant aluminium species present were negatively charged 
aluminium hydroxide precipitates.  A substantially lower concentration of polymeric 
hydroxo-aluminium species may also have been formed as they were also noted to be 
viable above pH 8.  Chen [79] indicated that one possible reason for the pH decrease 
at alkaline pH values may have been due to the reaction between aluminium 
hydroxide precipitates and hydroxyl ions as shown in Equation 8. 
 
Equation 8    Al(OH)3 + OH−  → Al(OH)4− 
 
However, in our study an increase in pH was invariably measured, hence other 
mechanisms need to also be considered.  Chen et al. [88] advocated that in the 
presence of anions such as chloride or sulphate, aluminium hydroxide can exchange 
with these ions thus releasing hydroxyl ions and raising pH.  Guseva et al. [49] also 
recognised the formation of various species such as the stable Al(OH)2Cl moiety, 
when dissolution of aluminium occurred in the presence of sodium chloride.  
Inspection of the chloride concentration data in Figure 8 did not allow a definitive 
identification of chloride concentration reduction during the electrocoagulation 
process.   
 
 
Figure 8: Impact of electrocoagulation on the removal of singularly charged ions 
from coal seam water using aluminium electrodes 
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This problem may have been due to the fact that a large concentration of chloride 
ions were present in the coal seam water and the extent of change in chloride 
concentration due to exchange with aluminium hydroxide species may have been 
relatively small.  In addition, Canizares et al. [85] highlighted the importance of 
carbonate/bicarbonate equilibria upon solution pH as illustrated in Equations 9 & 10 
as this is a known pH buffer system.  
    
Equation 9   CO2 +  H2O ↔  H+ + HCO3− 
Equation 10   HCO3−  ↔ CO32− +  H+ 
 
A further complication was the fact that a pH gradient must exist between the plates 
which can influence localized processes such as the rate of chemical dissolution [85].  
Indeed, Mechelhoff et al. [89] simulated the pH gradient of an electrocoagulation 
process where aluminium electrodes were employed and aluminium hydroxide 
precipitates generated.  The pH adjacent to the anode was ca. 5.5 and almost 12 at 
the cathode, with precise values depending upon the electrode length and gap 
between the anode and cathode.  As shown in Figure 8, electrocoagulation did not 
remove the majority of ions present, such as sodium and chloride species, or indeed 
modify pH substantially as discussed above.  Hence, a slight change in conductivity 
of the coal seam water with electrocoagulation treatment was in harmony with all the 
data collected in this study. 
   
Table 4 illustrates a further range of physical parameters recorded for the CS water 
both prior and after electrocoagulation treatment.  First, the level of suspended solids 
in the treated water was observed to increase as the current density was decreased 
except for the case where the current density was so low that no floc formation was 
induced (see discussion below).  In addition, the quantity of suspended solids 
decreased by increasing the contact time from 30 to 60 s for each set of coagulation 
tests.  Likewise, Sadeddin et al. [90] reported the control of suspended solids from 
well water at an initial concentration of 300 mg/L using an electrocoagulation unit 
equipped with stainless steel electrodes.   
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Table 4: Summary of changes in various physical properties for coal seam water 
treated with electrocoagulation unit equipped with aluminium electrodes 
 
Residence 
time 
(seconds) 
Turbidity 
(NTU) 
True 
Colour 
(Pt-Co 
units) 
Apparent 
Colour 
(Pt-Co 
units) 
UV254 
(absorbance 
per cm) 
Total 
Suspended 
Solids 
(mg/L) 
Exp1 30 11.5 1 62 0.034 16.6 
Exp2 60 3.1 1 19 0.028 3.3 
Exp3 30 20.7 0 126 0.036 72.3 
Exp4 60 12 0 73 0.03 38.8 
Exp5 30 18.6 0 111 0.167 103.1 
Exp6 60 20.1 1 128 0.172 93.2 
Exp7 30 10.6 8 78 0.126 N/A 
Exp8 60 10.7 0 80 0.132 N/A 
 
Elongation of the contact time promoted the removal of suspended solids, with a 
maximum efficiency of 99 % observed.  Bukhari [91] also applied electrocoagulation 
to the reduction of suspended solids from municipal wastewater.   Increasing contact 
time generally enhanced the degree of suspended solids removal from solution.  
Notably, the precise behaviour depended upon the applied current density, with 
higher current density values promoting the rate of suspended solids reduction.  The 
turbidity of the coal seam water was increased in each case after 30 s contact time in 
the electrocoagulation chamber, relative to the starting value of 8.4 NTU [Table 4].  
For the two highest voltages used in the EC experiments, increasing the contact time 
lowered the turbidity whereas for the lowest two voltage tests the turbidity slightly 
increased with contact time.  Visually it was observed that some flocs were still 
suspended in solution after the allocated settling period and presumably these species 
were the source of the variance in turbidity levels.  To confirm this latter assumption, 
filtering of the treated solution with a 0.45 micron filter resulted in turbidity values of 
less than 1 NTU in every instance.  The outlined data was consistent with the data of 
Bukhari [92] wherein increasing the current density in the electrocoagulation system 
generally aided the reduction in solution turbidity but the relationship was not 
entirely predictable with significant turbidity fluctuations noted.    
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Similarly, it was difficult to determine a simple relationship between the absorbance 
at 254 nm and the current and residence time employed during the electrocoagulation 
experiments, albeit there was a parallel in performance with the turbidity values.  
Again, in the highest two voltage/current density tests, the UV254 nm absorbance 
decreased from the initial level of 0.119, with increasing contact time further 
lowering the absorbance at 254 nm.  In contrast, with the two lowest voltage/current 
density EC experiments, the absorbance was actually increased relative to the initial 
value and slightly intensified as the contact time increased from 30 to 60 s [Table 4].  
Wang et al. [93] examined the ability of electrocoagulation to remove algae and 
organic matter from landscape water and discovered that the reduction in absorbance 
at 254 nm related to the magnitude of the applied current density.  The extent of 
absorbance reduction correlated with the current density, which agreed with our 
study in that the highest current densities exhibited greatest remediation of species 
responsible for the 254 nm absorbance.    
 
The apparent colour measurements paralleled both the turbidity and UV254 nm data 
in that: for Experiments 1 to 4, there was a reduction in colour with increasing 
contact time in the EC chamber; for Experiments 5 to 8 there was a slight increase in 
colour with extension of the contact time.  This latter data suggested that the species 
causing the turbidity of the water sample were also the primary source of colour and 
UV254 nm absorption.  The true colour measurements, wherein the sample was 
filtered with a 0.45 micron syringe filter, showed almost complete removal of the 
solution colour, thus indicating that particulate matter was the most likely candidate 
for turbidity, colour and UV254 nm absorption.        
 
The initial rise in turbidity noted in all the experiments after 30 s contact time in the 
EC chamber may have been due to accumulation of aluminium hydroxide particles.  
Khemis et al. [94] studied the ability of electrocoagulation to treat colloidal silica 
dispersions and noted an initial rapid increase in solution turbidity which was 
ascribed to the formation of Al(OH)3 from dissolved Al3+ ions.  The same authors 
also noted that a minimum concentration of aluminium ions in solution was required 
to catalyze the removal of contaminants, which was consistent with our data where 
use of low voltages/current densities resulted in inferior treatment outcomes.  
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Increasing the contact time in the EC system enhanced complexation and 
consequently reduced turbidity levels [94], which was in accord with the data 
reported for experiments 1 to 4.    
 
Wang et al. [93] were of the opinion that several factors influenced the 
electrocoagulation efficiency for UV254 nm reduction.  These authors suggested that 
increased current density accelerated formation of aluminium hydroxide materials 
which could potentially capture substances responsible for the absorption at 254 nm.  
Alternatively, it was surmised that by-product reactions occurred especially if high 
levels of sodium chloride were present in solution, such as the processes shown in 
Equations 11 & 12. 
Equation 11    2 Cl−  ↔ Cl2 + 2 e− 
Equation 12    Cl2 +  H2O ↔ HOCl +  H+ +  Cl− 
 
Undoubtedly, coal seam water comprised of significant concentrations of chloride 
ions, however, the extent to which the reactions outlined in Equations 11 & 12 
occurred was uncertain as not only was the solution pH between 9 and 10, whereas 
Equation 11 was optimal between pH 3 and 4 [93], but also the chloride 
concentration in this study did not vary significantly during the electrocoagulation 
tests.  Solution pH has also been recognised as a factor controlling UV254 nm 
absorbance of solutions treated by electrocoagulation [93], with the removal rate 
generally increasing as the pH was raised [95].  Consequently, the pH range of 9 to 
10 for coal seam water treatment should have provided close to optimal removal 
rates, which was noted when the highest voltages/current densities were applied.          
 
3.3.2 Solution Composition 
3.3.2.1 Singly Charged Ions 
Figure 8 illustrates the concentrations of sodium, potassium, and chloride in solution 
as a function of applied current density and residence times.  Within experimental 
error, the concentrations of the sodium and potassium species did not show any 
notable reduction.   Wang and Wang [76] used electrocoagulation for pre-treatment 
of brackish water and also reported that sodium and potassium ions were not 
removed to any notable extent.  Removal of sodium and potassium ions from the coal 
seam water sample was not expected due to the difficulty in provision of a 
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mechanism for this to occur, as for example, precipitation was highly unlikely.  The 
potassium and sodium chloride content of the water was however, important in terms 
of the influence these species had upon the electrocoagulation process.  As 
mentioned by Chen [79], dissolved salts such as sodium chloride increased solution 
conductivity which in turn lowered energy consumption.  Chloride ions were also 
proposed to be beneficial in terms of minimizing the detrimental impact of other 
anions in solution such as sulphate which can passivate electrodes.  On the other 
hand, sodium chloride in solution has been shown to accelerate the removal of 
aluminium or iron from electrodes used in the electrocoagulation process [96].  From 
the aforementioned analysis, coal seam water of higher total dissolved solids content 
may be expected to be more conductive and thus potentially require less energy 
input.  In contrast, the rate of electrode dissolution would also increase.  Therefore, 
further studies should be made to ascertain the impact of the salinity of coal seam 
water and operating conditions upon overall electrocoagulation performance.       
 
3.2.2 Alkaline Earths 
Figure 9 revealed that electrocoagulation was effective in terms of hardness removal 
from the CS water.   The best removal of alkaline earth species was achieved with 
0.8 mA/cm2 current density and 60 seconds contact time.  Under the optimal 
conditions, 100 % of calcium, barium and strontium was removed from the CS water 
by EC, while 87.9 % of magnesium was removed.   
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Figure 9: Impact of electrocoagulation on the removal of alkaline earth ions from 
coal seam water using aluminium electrodes 
 
On the other hand, a voltage of 9.5 V (current density 0.03 mA/cm2) appeared to be 
too low to remove any alkaline earth species from the CS water, as shown in 
experiments 7 & 8.  As a general observation, the higher the current density applied 
the greater was the removal of alkaline earth species.  Increasing the contact time 
from 30 to 60 seconds also enhanced the degree of alkaline earth removal.  Schulz et 
al. [97] in their laboratory and pilot study of electrocoagulation for removing scale-
forming species from cooling tower blowdown and reverse osmosis reject waters 
only achieved a 20 to 40 % removal of calcium and magnesium.  In contrast, 
Malakootian and Yousefi [98] reported an efficiency of 95.6 % in hardness removal 
using electrocoagulation.  Daneshvar et al. [99] also showed that DC-
electrocoagulation was able to lower total hardness by 94 % from brackish water.     
 
Murthy and Parmar [100] investigated the importance of using aluminium or 
stainless steel electrodes during electrocoagulation of strontium ions in synthetic 
wastewater.  Under their experimental conditions of 10 mg/L strontium in sodium 
chloride solution at pH 5.5, stainless steel plates appeared to be more effective than 
aluminium electrodes with 93.5 and 78.6 % removal after 60 minutes reaction time.  
When the pH was increased to alkaline conditions similar to those in this study, the 
degree of strontium removal actually fell for both electrode types.   Murthy and 
Parmar [100] did note the positive impact of the presence of sodium chloride upon 
strontium removal efficiency with higher amounts of electrolyte added accelerating 
the quantity of strontium removed.  Further, in relation to our study the latter authors 
also observed that reducing the strontium content in the starting solution enhanced 
the reduction in strontium concentration by electrocoagulation.  Kamaraj and 
Vasudevan [52] similarly found that strontium removal by EC was optimal between 
pH 7 and 8 which was ascribed to the greater availability of aluminium hydroxide 
precipitates.  Notably, the strontium removal rate also corresponded to the inter-
electrode distance, with shorter gaps significantly promoting the degree of strontium 
reduction.  Oncel et al. [101] studied the ability of electrocoagulation to remove a 
wide range of contaminants from coal mine drainage wastewater (CMDW), 
including calcium, magnesium and strontium.  A critical factor was the current 
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density, which when raised to 500 A/m2 was sufficient to reduce concentrations of all 
the dissolved species by > 99.9 %.  Notably, the optimal pH was acidic which 
inferred that precipitation of the alkaline earth species was not the primary 
mechanism of removal.  Unfortunately, detailed investigation of the fate of the 
calcium, magnesium, and strontium was not provided.  Zhao et al. [102] also 
demonstrated both increasing current density and initial solution pH promoted the 
reduction in water hardness by application of iron electrocoagulation.  These authors 
were of the opinion that the hardness was removed precipitation of calcium 
carbonate and calcium sulphate and also enhanced sweep flocculation at alkaline 
conditions.  The extent of precipitation as a mode of hardness reduction in coal seam 
water was uncertain as the solution was buffered and did not show a large change in 
solution pH, albeit it trended to higher alkaline values.  Of course, bulk solution pH 
was only an average value of the various pH regions present in an electrocoagulation 
system [89].  From this study, sorption on the floc surface may have at least 
facilitated the partial remediation of the alkaline earths as surface sites were blocked 
according to the FTIR spectra discussed below. 
 
3.3.2.3 Silica 
Electrocoagulation was also observed to be highly efficient at the removal of 
dissolved silica from coal seam water [Figure 10].   
 
 
Figure 10: Impact of electrocoagulation on the removal of various species from coal 
seam water using aluminium electrodes 
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Experiment 2 resulted in only 0.18 mg/L silica remaining in solution which 
correlated to a removal efficiency of 98.3 %.  As with other species present in the 
coal seam water the degree of removal from solution was proportional to current 
density and contact time.   Den and Wang [82]  reported that the ability of aluminium 
electrodes to successfully remove silica species from brackish water solutions was 
due to the formation of hydroxyaluminosilicates (HAS).  Possible reactions 
suggested by the latter authors included those shown in Equations 13 & 14. 
 
Equation 13  2 Al(III) + 2 Si(OH)4 +  H2O ↔ Al2Si2O5(OH)4 (s) + 6 H+ 
Equation 14  Al(III) + Si(OH)4 +  H2O ↔ AlOSiO5(OH)32+ + H+ 
 
However, it was noted that the study of Den and Wang was conducted under neutral 
pH conditions, whereas with coal seam water the water was significantly more 
alkaline in character.  As outlined by Cheng et al. [103] if pH was less than 9.5 then 
silicic acid was the major species with a solubility of ca. 120 mg/L as SiO2.  At pH 
values above 9.5, the following reactions represented in Equations 15 & 16 can 
occur. 
Equation 15   Si(OH)4  →  H3SiO4− +  H+ 
Equation 16   H3SiO4−  → H2SiO42− +  H+ 
 
Based upon the CS water solution pH it was inferred that silicic acid may be the 
major species present in this investigation.  
 
3.3.2.4 Iron 
Iron was also completely removed in experiments 1, 2, 3 and 4 which was in 
agreement with the electrocoagulation study of Ghosh et al. [104] which reported 
99.2% Fe (II) removal from tap water after 35 minutes from a solution with an initial 
iron concentration of 25 mg/L.  Likewise, Vasudevan et al. [105] also found up to 
99.6 % reduction of iron from pure water with EC at a current density of 0.06 A/dm2 
and a pH of 7.0 using zinc electrodes.  This behaviour was probably due to the very 
low solubility of Iron (III) hydroxide Fe(OH)3.  Ghosh et al. [104] evaluated 
aluminium electrocoagulation for the reduction of the iron content in tap water.  Very 
high iron removal efficiencies were recorded with the extent of remediation 
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dependent upon variables such as current density, iron concentration, and inter–
electrode distance.  Interestingly, economic calculations indicated that until an iron 
concentration of 15 mg/L the operating cost was ca. US$6.05 per kL water treated.  
As the iron concentration was further elevated the costs rapidly increased to values 
which were probably commercially unacceptable.  Vasudevan [105] also confirmed 
the applicability of electrocoagulation for reduction of iron levels in water.  Notably, 
they investigated the effect of co-existing ions in solution in relation to inhibition of 
iron removal.  The presence of carbonate species above 5 mg/L was discovered to 
dramatically reduce the efficiency of the EC process and this outcome was ascribed 
to passivation of the electrode surface.  Phosphate ions similarly prevented iron 
remediation in solution, and in this instance the preferential adsorption of phosphate 
ions was postulated as being responsible.  Boron was reported to have a stronger 
affinity for adsorption than phosphate and fluoride, and was shown to be even more 
potent at blocking the iron removal mechanism.  Considering that the coal seam 
water had an excess of both fluoride and carbonate ions compared to iron species it 
may have been expected that the control of iron content was problematic.  However, 
the opposite scenario was observed.  Consequently, it must be deduced that an 
alternate and highly favourable mechanism was facilitated during the 
electrocoagulation process.  One possible explanation is the formation of insoluble 
iron complexes.                    
 
3.3.2.5 Boron 
Boron proved to be more difficult to eliminate, with the maximum removal 
efficiency only 13.3 % for experiment 2, which was in contrast to previously 
published literature which suggested that boron was removed with high efficiency 
(>99.9 %) using electrocoagulation [106].  Residual aluminium concentrations were 
observed to increase in all experiments with a trend to increase with both contact 
time and applied voltage.  Lekhlif et al. [107] reported similar behaviour when 
studying electrocoagulation treatment of electroplating wastewater, in that the 
aluminium concentration in the treated water was enhanced by increased contact time 
in the EC chamber.     In our study boron remediation was relatively low with only 
13 % removal, consequently it is pertinent to question why the boron remediation 
was inhibited.  A major feature of coal seam water was the high concentration of 
sodium chloride present in solution.  The impact of sodium chloride in the presence 
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of boron was reported by Zeboudji et al. [108] who noted up to 96 % removal of 
boron from solution at pH = 8 and sodium ion content 2500 mg/L.  Jiang et al. [109] 
similarly presented data which indicated the excellent efficiency of 
electrocoagulation for boron removal from solutions comprising of boric acid and 
sodium chloride, hence it must be inferred that sodium chloride does not hinder 
boron removal.  Other potential competing species in coal seam water such as 
carbonate and silicate were evaluated in the electrocoagulation studies of Vasudevan 
and Lakshmi [110].  Both carbonate and silicate induced significant reduction in the 
degree of boron removal, with carbonate thought to passivate the anode and silicate 
to either preferentially adsorb or convert the flocs into highly dispersed colloids.  
Ezechi et al. [111] applied iron electrocoagulation to reduce the concentration of 
boron in produced water.  Removal efficiencies up to 96.7 % were recorded with 
actual produced water samples comprising of 15 mg/L boron, at a current density of 
12.5 mA/cm2, treatment time of 90 minutes and a solution pH of 7.84.  These authors 
noted that solution pH was a key variable and that boron elimination was promoted 
in the range pH 3 to 8, and hindered when the pH was greater than 9.  In terms of 
boron chemistry, it is known that boric acid converts to tetrahydroxyborate anion 
above pH 9 according to Equation 17 [112]. 
 
Equation 17   H3BO3 +  H2O ↔  [B(OH)4]− +  H+  
 
Hence, for coal seam water where the pH was always greater than 9, it can be 
assumed that the tetrahydroxyborate species were probably the dominant form of 
boron present.  Mechanistically, Jiang et al. [113] postulated that boron was removed 
by a combination of adsorption and precipitation according to Equation 18. 
 
Equation 18   Al3+ + BO2− + 2 OH− + nH2O ↔ Al(OH)2BO2. nH2O 
 
Vasudevan and Lakshmi [110] were of the opinion that at alkaline pH values, the 
flocs were negatively charged and thus repulsed the tetrahydroxyborate anions.  This 
latter assumption was in harmony with the view of Canizares et al. [84] that 
negatively charged aluminium hydroxide precipitates formed at pH values relevant to 
the coal seam water in this study.  Overall, the combination of high solution pH and 
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presence of significant concentrations of competing ions appeared responsible for the 
relatively low levels of boron reduction recorded.   
     
3.3.2.6 Fluoride 
Fluoride removal by EC was approximately 44 % under the conditions outlined in 
experiment 2 [Figure 11].   
 
 
Figure 11: Impact of electrocoagulation on the removal of fluoride, sulphate, 
bromide, and dissolved organic carbon species from coal seam water using 
aluminium electrodes 
 
Electrocoagulation has been demonstrated by several authors to exhibit the capacity 
to reduce the concentration of fluoride ions in various wastewater samples.  For 
example, Drouiche et al. [114] achieved a 66.8 % removal of fluoride from 
photovoltaic wastewater using EC with aluminium electrodes.  Zhang et al. [115] 
also recorded satisfactory reduction in fluoride concentrations from geothermal water 
by applying aluminium electrocoagulation.  As indicated, complete fluoride removal 
from coal seam water was not observed under the experimental conditions applied.  
It is widely believed that the aluminium hydroxide flocs bind fluoride ions as shown 
in Equation 19 [116-118]. 
 
Equation 19   Al(OH)3 + xF−  ↔ Al(OH)3−xFx + xOH− 
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Zhu et al. [119] performed more in depth research regarding the fluoride distribution 
during electrocoagulation tests and concluded that the primary mechanism for 
fluoride removal was by incorporation in the surface layers of the aluminium 
electrodes and that sorption on Al(OH)3 species was secondary in importance.  It has 
also been shown by many authors that fluoride elimination from water by 
electrocoagulation was highly dependent upon solution pH.  For example, 
Emamjomeh et al. [120] showed that the most efficient fluoride removal occurred 
when the initial solution pH was between pH 6 and 8.  The latter authors also found 
that at pH ≥ 9, fluoride removal efficiency was lowered due in their opinion to the 
formation of soluble species such as 𝑆𝐴(𝑂𝐻)4−.  The latter evidence was consistent 
with the opinion of Shen et al. [121] that competition between hydroxide and 
fluoride ions was a critical factor involved in the electrocoagulation process.  Hu et 
al. [122] evaluated the impact of competing anions such as chloride, nitrate and 
sulphate upon the removal of fluoride ions when applying aluminium 
electrocoagulation to a variety of synthetic solutions.  Notably, all the 
aforementioned anions inhibited fluoride removal from solution with sulphate 
exhibiting a profound effect.  Bicarbonate alkalinity was determined to promote 
fluoride removal up until a certain level and above that value to inhibit reduction of 
the fluoride concentration [123].  In contrast, the presence of magnesium ions in 
solution was demonstrated to promote fluoride removal by EC [118], potentially due 
to the formation of layered double hydroxide materials [124].  Consequently, 
considering the high pH values and presence of competing ions in the coal seam 
water the fluoride removal was not expected to be optimal.  Adjustment of coal seam 
water pH with acid dosing may promote fluoride removal based upon the above 
argument and future studies should address this issue.      
 
3.3.2.7 Dissolved Organic Carbon 
With regards to the dissolved organic carbon (DOC) content, the maximum degree of 
reduction in concentration measured was 54 %.  Dubrawski et al. [125] similarly 
showed that electrocoagulation could reduce the concentration of dissolved organic 
carbon in river water by >50 % after 30 seconds contact time in the EC chamber.  As 
outlined by Matilainen et al. [126], electrocoagulation appeared to be prospective for 
the control of organic material in water and wastewater samples, as it has 
demonstrated superior performance compared to conventional coagulation.  
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However, it was also emphasised that the precise water composition and physical 
parameters such as conductivity and pH were important in determining the extent of 
DOC remediation.  Vepsäläinen et al. [127] studied the effect of solution temperature 
and pH upon the electrocoagulation performance in relation to reduction of the 
quantity of natural organic matter (NOM) in surface water.  It was discovered that 
solution temperature did not exert a significant impact upon the degree of NOM 
removal, but did have some influence on the rate of aluminium dissolution from the 
electrode surface.  Solution pH was proposed to be of greater importance, with 
aluminium humate complexes possibly formed at low initial solution pH and 
adsorption and enmeshment of NOM dominant at high pH values.  Notably, in 
relation to the EC treatment of coal seam water it was noted that Al(OH)4- species 
present at pH values above 9 did not coagulate humic material.  Labanowski et al. 
[128] observed that the ability of EC to remove organic compounds depended upon 
their identity.  From their experiments it was concluded that the order of removal was 
humic-like acids > hydrophobic-like materials > transphilic-like species > 
hydrophilic-like moieties.  The precise composition of the organic fraction in coal 
seam water was not known and indeed was likely to vary considerably between 
different wells and various times of the year.  Thus, unequivocal identification of the 
underlying factors restricting the removal of dissolved organic carbon from CS water 
was a non-trivial exercise.  Nevertheless, it was evident that the alkaline nature of the 
coal seam water and probable complexity of the organic matter required further 
optimization of the EC testing protocol to further promote DOC removal.             
 
3.3.2.8 Sulphate, Bromide & Alkalinity 
On the other hand, sulphate and bromide were not removed from the CS water to any 
significant degree under the test conditions.  Experimental results also showed that 
during the EC process, some of the bicarbonate in solution was converted to 
carbonate [Figure 12], the extent of which depended upon voltage and contact time.  
Under the optimal conditions in experiment 2, the bicarbonate concentration was 
reduced by 54 % and carbonate proportionally increased by 203 %.  The variation in 
the bicarbonate and carbonate content of the coal seam water can be explained in 
terms of the impact of increased concentration of hydroxide ions generated during 
the electrocoagulation process which promoted the reaction shown in Equation 20 
[129]. 
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Equation 20    HCO3− + OH−  ↔ CO32− +  H2O 
 
A summary of the electrocoagulation performance is shown in Table 4 where 
aluminium electrodes were used at a voltage of 37.9 V, current of 2.90 Amps and 
contact time of 60 seconds.   
 
 
Figure 12: Impact of electrocoagulation on the presence of bicarbonate and carbonate 
alkalinity in coal seam water using aluminium electrodes 
 
3.3.3 Floc Formation and Characterization 
The treated solutions were immediately agitated to break surface tension and the 
poured into 2 L measuring cylinders.  As a function of settling time the height of the 
interface between the “solid sludge” and the solution was recorded.  The floc formed 
was typically a pale grey colour and the volume of the floc increased when either or 
both of contact time and current were elevated.  Due to the very low current values 
employed in Experiments 7 & 8 no floc appeared to settle out of solution.  Figure 13 
depicts the interface height of the floc as a function of settling time.  It was evident 
that longer contact time and higher current density produced more flocs.  It was also 
observed that the higher volume of flocs produced, the longer time was required for 
settling.  Overall the settling appeared to be majorly completed within a 30 minute 
timeframe.  The flocs were collected and dried in order to calculate the mass of 
material created during the electrocoagulation experiments [Figure 14].  It was 
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apparent that both increasing current and contact time accelerated the production of 
floc during the electrocoagulation tests.  
      
  
  
 
Figure 13: Relationship between floc volume and settling time for electrocoagulation 
experiments involving aluminium electrodes 
 
Figure 14: Mass of floc produced as a function of current and contact time for 
aluminium electrodes 
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Figure 15 illustrates the general shape and configuration of the flocs formed as 
imaged using optical microscopy.  It was seen that at a contact time of 30 seconds the 
flocs were disparate in nature.  Whereas in contrast, after 60 seconds contact time in 
the EC chamber the flocs were not only greater in size but also linked up in “net” 
pattern.  Gamage and Chellam [130] reported similar observations when they 
examined aluminium electrocoagulation of surface water.   
 
 
37.9V 30s 
 
37.9V 60s 
 
Figure 15: Optical microscopy images of “wet” flocs formed using a current of 2.9 
amps for contact times of (a) 30 s and (b) 60 s 
 
 
30sec 
 
60sec 
 
Figure 16: Scanning electron microscopy images of “dried” flocs formed using a 
current of 2.9 amps for contact times of (a) 30 s and (b) 60 s 
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Optical images indicated that both floc size and concentration were promoted by an 
increased availability of aluminium species.  Greater detail of the floc shape was 
gained from application of Scanning Electron Microscopy (SEM) [Figure 16] albeit 
care had to be taken regarding observations due to the fact that with optical 
microscopy we imaged fresh flocs in water, whereas with SEM the flocs had to be 
dried prior to introduction to the SEM apparatus.  The flocs appeared to exhibit a 
discernible pattern which suggested they may not be entirely amorphous in character.  
Harif et al. [131] discovered that the flocs generated from EC experiments were 
comparatively porous and fragile, and less dense relative to those formed during 
conventional coagulation practices.  This latter observation was consistent with the 
data recorded for flocs produced from aluminium EC of coal seam water, wherein 
the floc volume was relatively large.  Upon drying the flocs, considerable 
compaction occurred which again was in accord with the views of Harif et al. [132].  
The latter authors also noted that flocs from an EC process formed faster than flocs 
resultant from chemical coagulation and suggested that the flocs generated from EC 
followed a Diffusion Limited Clustered Agreggation (DLCA) mechanism.  Can et al. 
[133] similarly measured the surface area and porosity of flocs created during EC 
treatment to be higher than those from chemical coagulation.  Importantly, solution 
pH was a critical factor in relation to floc characteristics with increasing pH 
promoting the formation of lower density materials.  At the high pH values of 9 to 10 
with coal seam water it was deduced that the flocs should be of particularly high 
surface area and porosity which was consistent with the data in the optical and 
scanning electron microscopy images.       
 
X-ray diffraction studies confirmed that the flocs formed after 30 seconds contact 
time in the EC chamber were relatively amorphous and that as a general observation 
three broad reflections became apparent at 15.8, 31.7 and 45.1 o2θ as applied 
voltage/current density and contact time in the EC chamber increased [Figure 17].  
Gamage and Chellam [130] discerned similar broad and weak patterns in XRD traces 
of aluminium based floc produced from electrocoagulation of surface water or 
ultrapure water. The three broad features evident at the highest current density and 
contact times used in these studies were typical of aluminium oxyhydroxide 
(AlOOH), and it was suggested by Gamage and Chellam [130] that the primary 
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phase created was amorphous aluminium hydroxide (Al(OH)3) which was 
accompanied by a small amount of fine boehmite agglomerates. 
      
 
 
 
 
 
 
Figure 17: X-ray diffraction traces for dried flocs formed using aluminium electrodes 
for (top) 37.9 v (middle) 28.4 v and (bottom) 18.9 v  
 
As a general observation when FTIR spectra were acquired of the flocs, peaks were 
seen in the regions 3700 to 2500 cm-1, 1800 to 1300 cm-1, 1150 to 800 cm-1 and ca. 
650 to 400 cm-1 [Figure 18 & 19].  The broad peak in the highest wavenumber region 
was characteristic of adsorbed water vibrations such as OH stretches [134, 135].  
Whereas in the region 1800 to 1300 cm-1 we expected to predominantly observe 
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stretching modes related to various species formed from carbon dioxide adsorption 
on the surface [135].  Finally, the bands below 700 cm-1 were ascribed to metal-
oxygen lattice stretching modes [135].  From the theoretical calculations of Pierre-
Louis et al. [136], most of the infrared active vibrations can be tentatively assigned 
to a mixture of carbonate species, which differ in that some were formed on a pure 
aluminium oxyhydroxide based floc and others were on a mixed metal oxyhydroxide 
floc.   
 
 
Figure 18: Fourier Transform infrared spectra of dried flocs formed using aluminium 
electrodes 
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Figure 19: Curve-fitting of Fourier Transform infrared spectra for dried flocs formed 
using aluminium electrodes 
 
As the electrocoagulation process removed a significant fraction of multiply charged 
dissolved ions from the CS solution, the latter suggestion was not without 
experimental basis.  The aluminium electrocoagulation work of Mollah et al. [137] 
resulted in the identification in generated flocs, of infrared active species represented 
by vibrations at 1080 and 1402 cm-1, which were assigned to the presence of 
aluminium hydroxide (Al(OH)3).  The recorded FTIR spectra of the flocs obtained 
from electrocoagulation of CS water indicated a trend of decreasing peak intensity 
for the various species observed as the applied current/voltage was increased.  The 
general spectral profile was remarkably similar to the FTIR spectra of carbon dioxide 
sorption on ferrihydrite [135] and aluminium oxyhydroxide [136].  A small band at 
1577 cm-1 may have been due to the presence of a bicarbonate species on the 
aluminium oxyhydroxide surface.  The presence of carbonate and bicarbonate 
species on the floc surface was possibly due to the sorption of carbon dioxide 
presumably when the floc was exposed to atmospheric conditions.  The study by 
Hausner [135] and co-workers supported this latter deduction as they noted that 
when ferrihydrite was prepared under carbon dioxide free conditions the bands due 
to vibrations associated with carbonate and bicarbonate species were drastically 
reduced in intensity.  When carbon dioxide was exposed to this sample the 
appearance of peaks due to sorbed carbon dioxide species rapidly appeared.  When 
we made flocs at higher voltage values in the electrocoagulation chamber the 
formation of sorbed carbon dioxide moieties was inhibited.  This behaviour 
suggested that the surface of the aluminium oxyhydroxide/hydroxide flocs may have 
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already sorbed impurities from the CS water such as alkaline earths, silicates and 
iron; thus the sorption sites for carbon dioxide no longer were vacant. 
 
3.3.4 Aluminium Dosing 
The production of aluminium noted in the electrocoagulation experiments was the 
sum of the residual aluminium in solution and the aluminium content of the produced 
flocs.  The theoretical Faradaic maximum amount of aluminium released was 
estimated from Equation 21. 
Equation 21    m =  ItM
zF
  
 
m = mass of aluminium released to solution (g); I = current (Amps); M = atomic 
mass of aluminium; z = electrons transferred in anodic dissolution (= 3); F = 
Faradays constant (96,486 C/mol).  In accord with the structure of Equation 21 the 
quantity of aluminium potentially released into solution was promoted by increasing 
current and contact time.  Analysis of the floc elemental composition showed that the 
actual aluminium content of the solids for experiments 1, 2 and 4 were 348, 613 and 
356 mg, respectively.  The degree of aluminium release was far in excess of that 
predicted based upon electrochemical theory and thus it must be concluded that the 
majority of aluminium produced was due to alternate processes.  Mansouri et al. 
[138] explained that this super-Faradaic excess of dissolved aluminium was related 
to the chemical dissolution of aluminium, especially at highly alkaline conditions.  
The latter authors also discovered that sodium chloride accelerated the corrosion of 
aluminium; hence the actual amount of aluminium dosed was much higher than the 
theoretical values.  Jiménez et al. [139] confirmed the excess production of 
aluminium in solution depended upon current density and solution pH in the 
presence of 3000 mg/L sodium chloride.  Coal seam water compositions vary 
significantly [140] and thus, based upon the previous interpretation of the EC data, it 
can be inferred that solutions of diverse salt content should interact with the electrode 
surfaces to different extent.             
 
3.3.5 Power Consumption 
The relationship in Equation 22 was used to calculate power consumption. 
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Equation 22    P = I V/Q 
 
Where P = power (W), I = amps (A), V = volts (V) and Q = flow rate.  Based upon a 
flow rate of 1.14 L per minute the total volume of water treated was 0.57 L.  As the 
water was cycled for another 30 seconds to make a total contact time of 60 seconds 
the water volume treated remained at 0.57 L.  It was assumed that the power 
consumption did not change when the unit was scaled to a 1 m3 coal seam water 
treated basis.  The data suggested that the maximum power consumption was for 
Experiment 2 wherein a current density of 0.80 mA/cm2 was applied for 60 seconds 
at a voltage of 37.9 V.  Sanfan [74] evaluated the economics of electrocoagulation 
for treatment of brackish water and noted that to reduce the hardness content of the 
water by greater than 45 % required a power consumption of 1.23 kWh/kL of water 
treated.  In this study, in experiment 1 where the treatment outcomes were relatively 
comparable to those of Sanfan [74], the power consumption was 1.58 kWh/kL for 
46.5 % removal of calcium ions from the coal seam water.  Assuming a cost of 
A$0.2 per kWh, the electricity cost equated to A$0.32 per kL of coal seam water.  As 
outlined above, slight surplus of aluminium ions in the treated coal seam water and 
significant quantities of aluminium in the sludge produced, indicated that the system 
performance was not, yet optimized.  Scope thus exists for future improvements in 
performance by optimization of the EC performance based upon the results presented 
in this study. 
 
3.4 CONCLUSIONS 
Electrocoagulation has been demonstrated to be potentially highly effective at 
purifying a wide range of impurities from coal seam gas water.  Aluminium plates 
were demonstrated to be suitable under the applied experimental conditions.  As a 
general rule, it was noted that increasing the current density and the contact time 
resulted in enhanced reduction of the contaminant concentrations.  Dissolved silica, 
which is known to be a particularly difficult species to control in reverse osmosis 
units, was readily removed by electrocoagulation with efficiencies close to 100 % 
observed.  Boron was the one element which previous electrocoagulation studies 
suggested may be substantially removed but in the case of coal seam gas water it was 
reduced in concentration by no more than 13.3 % due to the high solution pH 
involved.  Future studies should focus on not only the study of higher conductivity 
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coal seam water samples but also the impact of solution pH adjustment with acid and 
influence of solution composition.  If these latter experiments are positive then there 
exists considerable opportunity for electrocoagulation to be used as a pre-treatment 
stage prior to reverse osmosis. 
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Chapter 4: Electrocoagulation with 
Mild Steel Electrodes for the 
Pre-Treatment of Coal Seam 
Gas Produced Water C  
Electrocoagulation using mild steel electrodes was examined in order to test the 
hypothesis that this technique may be a viable for pre-treatment of coal seam 
water from the coal seam gas industry.  Bench top studies evaluated the impact 
of contact time and current density upon contaminant removal from actual coal 
seam water from an operating gas field.  In general, higher current density and 
longer contact time increasedthe removal of various species from the coal seam 
water.  Alkaline earth ions could be effectively removed from coal seam water at 
a current density of ca. 1.58 mA/cm2 (barium (100 %); strontium (78 %); 
magnesium (77 %); calcium (64 %)).  Likewise, dissolved silica species were also 
removed in significant amounts (up to 84 %).  Other species of interest such as 
fluoride, bromide, and sulphate were not significantly removed and this was 
attributed to a combination of alkaline solution pH and the presence of 
competing ions.  Dissolved organic carbon was substantially removed (60 %) 
and sorption on “green rust” may explain this latter occurrence.  The 
electrocoagulation process produced non-Faradaic quantities of floc due to 
etching of the mild steel by the saline coal seam water.  The floc volume was also 
substantial and the flocs were mainly amorphous in character.  Higher applied 
current densities formed denser flocs which settled faster compared to flocs 
created at lower current densities.  Future research is required to understand 
not only the influence of varying coal seam water composition upon 
electrocoagulation performance but to investigate means of reducing electrode 
and power consumption. 
 
4.1 INTRODUCTION 
  Electrocoagulation (EC) is an electrochemical wastewater treatment technology 
which has gained popularity due to technical improvements in the past decade [141, 
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142].  EC has been effectively applied to treat a variety of wastewaters including 
those from the leather tanning industry [143], olive mills [144], metal-bearing 
industrial effluents [142], textiles [145], paint manufacturing [146] and drinking 
water [147].   EC works by generating coagulants in situ using sacrificial electrodes 
forming aluminium or iron hydroxides [148].  Electrocoagulation is claimed to be 
potentially advantageous compared to conventional coagulation methods in that it 
may destabilise small colloidal particles [149], produce less sludge volume [150] and 
is relatively compact .  In addition, coagulant dosing can possibly be conveniently 
controlled by adjusting the current, making automation easier [151].  Steel electrodes 
are more attractive for EC application compared to other common electrode material 
such as aluminium, in terms of cost.  Hence many authors have studied the use of 
mild steel or iron electrodes.  For example, Bukhari [92] investigated 
electrocoagulation for clarification of municipal wastewater.  A key finding was that 
the more iron released into the water the greater the reduction in total suspended 
solids (TSS) and turbidity observed.  Likewise, Abuzaid et al. [152] demonstrated 
that EC using stainless steel electrodes reduced turbidity of solutions containing 
bentonite particles to less than 1 NTU.  Interestingly, the reduction of solution 
turbidity was dependent upon contact time of the water in the EC chamber.  
Malakootian et al. [98] studied electrocoagulation with iron rod electrodes for 
hardness reduction of drinking water and noted that optimal efficiency was at a 
solution pH of 10.  Other factors such as electrode spacing and current density were 
also indicated to impact EC performance.  Schulz et al. [153] compared the 
performance of electrocoagulation using iron and aluminium electrodes for the 
removal of silica, calcium and magnesium from cooling tower blowdown and reverse 
osmosis reject water.  At the bench scale, aluminium electrodes performed better 
than iron in removing target contaminants.  However, a pilot unit operated with 
aluminium electrodes underperformed the bench unit due to fouling.  Murthy and 
Parmer [154] studied the removal of strontium (up to 100 mg/L) from synthetic water 
by electrocoagulation. The best removal achieved by steel electrodes was 93 % 
which was significantly better than the results when using aluminium electrodes.  
Vasudevan et al. [155] found that EC using mild steel anodes was highly efficient at 
removing metal ions from solution such as copper.  Kabdaᶊli et al. [156] also 
confirmed the ability of EC to remove a variety of metals and organic complexing 
agents from plating effluent.  Current density and solution pH were both identified as 
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influencing the removal efficiency.  Researchers have also investigated 
electrocoagulation for fluoride removal from water.  For instance, Bazrafshan et al. 
[157] reported that both iron and aluminium electrodes could reduce fluoride 
concentrations to safe levels in drinking water.  Drouiche et al. [158] discovered that 
competing anions in wastewater inhibited the removal of fluoride ions when using 
EC equipped with iron electrodes.  Moreover, the operating cost was estimated to be 
less than US$ 0.99 per kL of water treated.   
 
As shown above, there have been several studies relating to components found in 
coal seam water, however, there has been very little research done on the use of 
electrocoagulation as pre-treatment stage for actual CS water [72].  Recently, our 
research team presented results concerning the application of electrocoagulation 
treatment of coal seam water using aluminium electrodes [159].  Electrocoagulation 
exhibited considerable promise for the substantial removal of species such as 
calcium, magnesium, barium, strontium, and silica from CS water.  The question 
therefore arose whether mild steel electrodes also showed similar ability to remediate 
coal seam water.  Consequently, a study was devised to provide an insight as to the 
performance of EC using mild steel electrodes for the purification of coal seam 
water.     
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4.2 MATERIALS AND METHODS 
4.2.1 Electrocoagulation 
A bench top electrocoagulation system supplied by J.F. Ellers Pty Ltd. Australia, was 
used [Figure 20]. The basic set-up comprised of a vertical cell which could 
accommodate 13 electrode plates of dimension 15 by 10 x 0.3 cm, which were 0.3 
cm apart.  The electrodes were supplied by J. F. Ellers Pty Ltd and made of mild 
steel and the total anode geometric surface area was 1800 cm2.   Before use the plates 
were cleaned by acid etching.  The polarity of the electrocoagulation cell was 
reversed approximately every 30 seconds.  A bipolar electrode configuration was 
used throughout and ambient temperature in the laboratory was typically 22 oC.      
 
 
Figure 20: Schematic of Experimental Set-up for Electrocoagulation Trials 
 
4.2.2 Analysis Methods 
ICP-OES 
All the aqueous samples were analysed by a PerkinElmer Optima 8300 DV Inducted 
Coupled Plasma Optical Emission Spectrometer (ICP-OES).  Before the analysis, 
samples were acidified to pH 2 by addition of 100 µL of 70 % nitric acid, which was 
purified by using a Savillex DST-1000 distillation unit.  Ca, Mg, Na, Fe and K 
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calibration solutions were prepared from ACR multi-element standards, while boron, 
Si and Al samples were prepared using ACR single element standards.       
 
Fourier Transform Infrared Spectroscopy (FTIR) 
Dried sludge samples were analysed using a Thermo Scientific Nicolet iS50 Fourier 
Transform Infrared (FT-IR) spectrometer, which was fitted with an iS50 ATR multi-
range, diamond sampling station.  Spectra were recorded by averaging 64 scans over 
the range of 350 to 4000 cm-1 at 4 cm-1 resolution.  The software used to operate the 
FTIR spectrometer and process resultant spectra was Thermo Scientific OMNICTM. 
 
Ion chromatography (IC) 
Anions in solution were analysed by a Dionex 2100 – RFIC ion chromatography 
unit.  The samples were first filtered through a Dionex OnGuard II Na column to 
remove Al.   AR grade sodium and potassium salts were first dried in the oven for 2 
hours at 150 °C before use to prepare standards.  Chromeleon software was 
employed to control the instrument and process data.  A Dionex AS 18 (4 mm by 250 
mm) column was used to separate the anions at a temperature of 30 oC.   
 
X-Ray Diffraction (XRD) 
A PANalytical XPERT-PRO X-ray diffraction unit was used to analyse the sludge 
produced by EC.  A β filtered cobalt tube at a voltage of 40 kV and current 40 mA 
was applied with a 0.5 ° divergence slit to obtain XRD traces.  Patterns were 
acquired over the range 4° to 90° 2 theta with 0.0167 ° 2 theta step size at 3° 2 
theta/min. 
 
Apparent Colour/True Colour 
All Apparent and True Colour readings were measured by a Hach DR5000 UV-VIS 
spectrophotometer.  Hach method 8025 “Color, True and Apparent, Low Range” was 
used to analyse the samples and values were reported in terms of Pt-Co colour units.  
Prior to the analysis of True Colour, samples were filtered through a 0.45 micron 
filter using a syringe.   
 
UV254 nm Absorbance 
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A Hach DR5000 UV-VIS spectrophotometer was used to detect Organic 
Constituents UV Absorbing (UV-254) using Hach test method 10054.    
 
Turbidity 
A Hach 2100Q portable turbidity meter was used to take turbidity readings of the 
CSG water samples.  The turbidity meter was calibrated using a variety of turbidity 
standards prior to use.   
 
Total suspended solids (TSS)  
TSS measurements were performed with Advantec GB – 140 glass filter paper.  
Aqueous samples were filtered through the glass filter paper and then dried in an 
oven at 120°C for at least an hour.  The sample was removed from the oven and 
allowed to cool to room temperature before accurately weighing.  The sample was 
then put back in the oven to dry further until the difference in consecutive weight 
was less than 0.5 mg.   
 
4.2.3 Coal Seam Water 
Samples of coal seam water were obtained from operating wells in the Surat Basin.  
The composition of the coal seam gas is provided in Table 5.   
 
4.2.4 Electrocoagulation Tests 
There were a total of 8 tests carried out on CS water using mild steel (iron) 
electrodes.  The flow rate was set to 1.14 Litres per minute to accommodate a 
standard treatment time of 30 seconds.   A 60 seconds treatment period was 
performed by taking the 30 seconds treated water and running it through the EC cell 
one more time.  Longer times were not explored in these experiments due to 
economic considerations for the CSG industry.  The details of the experiments are 
listed in Table 6. 
.   
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Table 5: Initial Composition of Coal Seam Water 
 
Species Concentration Units 
Sodium 679 mg/L 
Potassium 34 mg/L 
Calcium 2.93 mg/L 
Magnesium 0.83 mg/L 
Barium 0.16 mg/L 
Strontium 0.46 mg/L 
Dissolved Silica 10.52 mg/L 
Boron 0.935 mg/L 
Chloride 500 mg/L 
Fluoride 5.69 mg/L 
Bicarbonate 792 mg/L 
Carbonate 138 mg/L 
Solution pH 9.03  
Solution Conductivity 3260 µS/cm 
Turbidity 8.4 NTU 
True Colour 9 Pt-Co 
Apparent Colour 76 Pt-Co 
Suspended Solids 7.5 mg/L 
Dissolved Organic 
Carbon (DOC) 
6.4 mg/L 
UV254 0.119 cm-1 
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Table 6: Experimental Plan 
 
Experiment Electrode 
Material 
Voltage 
per Cell 
(V) 
Current 
(Amps) 
Current 
Density 
(mA/cm2) 
Contact 
Time (s) 
Exp1 Mild steel 3.15 2.86 1.589 30 
Exp2 Mild steel 3.15 2.84 1.578 60 
Exp3 Mild steel 2.36 1.84 1.022 30 
Exp4 Mild steel 2.36 1.72 0.956 60 
Exp5 Mild steel 1.57 1.01 0.561 30 
Exp6 Mild steel 1.57 1.06 0.589 60 
Exp7 Mild steel 0.79 0.32 0.178 30 
Exp8 Mild steel 0.79 0.32 0.178 60 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Solution pH and Conductivity 
When mild steel plates were used in the electrocoagulation chamber the solution pH 
generally increased as contact time was extended and current density increased 
[Figure 21].  Kurt et al. [160] also observed a rise in pH with increasing contact time 
and higher current values in their study concerning the treatment of domestic 
wastewater using a batch EC unit with Fe-Fe electrodes.  These latter authors 
attributed this pH behaviour in terms of production of hydroxyl ions at the cathode 
due to reduction of water which was accompanied by evolution of hydrogen gas 
[Equation 23].   
 
 
Figure 21: Variation of solution pH as a function of current density applied and 
contact time for mild steel electrodes 
 
Similarly, Malakootian et al. [98] reported that the final pH was always higher than 
the primary pH in their experiments involving the removal of hardness from drinking 
water by EC using iron rod electrodes.  Under alkaline pH values comparable to 
those in this study, the formation of ferric hydroxide flocs was also postulated 
according to Equation 24.          
Equation 23a:               Fe=Fe3+ + 3e- 
Equation 23b:   2 H2O (l) + 2 e−  →  H2 (g) + 2 OH− (aq)  
Equation 24:   2 Fe (s) + 6 H2O (l)  → 2 Fe(OH)3(s) + 3 H2 (g)  
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2
 
0.99 mA/cm
2
 
0.575 mA/cm
2
 
0.178 mA/cm
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Jiménez et al. [139] also showed in their fundamental studies of iron electrode 
dissolution during electrocoagulation that iron hydroxide precipitates were the 
expected species to be present.  At a pH of 8 and above, the formation of Fe (III) 
species instead of Fe (II) moieties was observed.  Sasson et al. [161] confirmed that 
the concentration of dissolved iron in solution rapidly decreased as the pH was raised 
to 7 and beyond.  The solution conductivity actually increased slightly when mild 
steel plates were used for EC treatment of the CS water [Figure 22].   
 
 
 
Figure 22: Variation of solution conductivity as a function of current density applied 
and contact time for mild steel electrodes 
 
Nevertheless, there was no common relationship between solution conductivity and 
experimental conditions.  For example, for the two highest current density values 
used the conductivity increased as the contact time was lengthened.  Yet, for the 
lowest currents used the conductivity actually decreased as the contact time 
escalated.  What can be concluded was that the change in solution conductivity was 
typically less than 10 % before and after the electrocoagulation process which was 
consistent with the fact that the EC process did not remove the majority of ions in 
solution as described below in Section 3.3.     
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4.3.2 Solution Physical Parameters 
The apparent colour of the treated solutions when using mild steel plates was 
generally higher at lower current densities [Table 7].   
 
Table 7: Summary of changes in various physical properties for coal seam water 
treated with electrocoagulation unit equipped with mild steel electrodes 
 
Residence 
time 
(seconds) 
Turbidity 
(NTU) 
True 
Colour 
(Pt/Co 
units) 
Apparent 
Colour  
(Pt/Co 
units) 
UV254 
Total 
Suspended 
Solids 
(mg/L) 
 
0 8.4 9 76 0.119 7.5 
exp
1 
30 8.61 1 190 0.114 9.1 
exp
2 
60 12.1 1 194 0.072 5.8 
exp
3 
30 91.9 7 1472 1.066 71.7 
exp
4 
60 41.7 8 794 0.371 31.6 
exp
5 
30 97.3 5 1063 1.859 78.7 
exp
6 
60 79.3 11 1024 1.239 57.9 
exp
7 
30 48 5 687 0.761 N/A 
exp
8 
60 81.7 6 1044 1.136 N/A 
 
Visually as discussed below in Section 3.10, Experiments 1 & 2 exhibited intense 
dark green floc formation with a relatively clear solution.  Whereas, Experiments 3 to 
6 produced dark orange flocs and a yellow-orange coloured solution and 
Experiments 7 & 8 did not show signs of any settled flocs but the solutions were a 
“straw” yellow colour.  Upon filtration, the suspended flocs were removed and 
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ultimately the true colour indicated that the solutions were practically clear in 
appearance [Table 7].  The dark green floc may have been indicative of the formation 
of Fe(II) hydroxide as illustrated in Equation 25 [162]. 
 
Equation 25:   Fe(H2O)4(OH)2 (aq)  → Fe(H2O)4(OH)2 (s) 
 
The formation of yellow flocs has typically been ascribed to the precipitation of Fe 
(III) hydroxide according to Equation 26. 
 
Equation 26:   Fe(H2O)3(OH)3 (aq)  → Fe(H2O)3(OH)3 (s) 
 
It was also possible that ferric oxide may have formed: 
 
Equation 27:   2 Fe(H2O)3(OH)3   ↔ Fe2O3(H2O)6 
 
It was interesting to note that as outlined by Parga et al. [162], iron hydroxide species 
usually are formed in the pH range 4 to 7, yet in our study the pH was greater than 
8.8 in each experiment.  An alternate explanation for the green coloured deposit 
noted in Experiments 1 & 2 could be the formation of “green rust” [163].  Green rust 
is a layered Fe(II)-Fe(III) hydroxide complex consisting of alternate positively 
charged hydroxide layers and hydrated anion layers formed at the cathode according 
to the net process in Equation 28 [163].  Gomes et al. [164] further characterized the 
formation of various green rust samples in an electrocoagulation cell wherein various 
anions in solution were present.     
 
Equation 28:            
  6 Fe + (12 + x)H2O →  1 2� (12− x)H2 (g) + xFe(OH)3 (6 − x)Fe(OH)2 (s) 
 
Dubrawski and Mohseni [165] used in situ Raman spectroscopy to identify the 
presence of not only green rust but also Fe3O4 and γ-FeOOH during 
electrocoagulation of natural water samples containing natural organic matter 
(NOM).  Formation of green rust was promoted at low dissolved oxygen 
concentrations which were found under conditions of high solution pH and high 
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charge loading rates.  These latter observations were consistent with the results of 
this study.  Gerónimo-López et al. [166] described in detail the dissolution 
mechanism for carbon steel electrodes during electrocoagulation tests conducted in 
sodium sulphate solutions.  Again, Raman spectroscopy was employed to 
characterize iron species and green rust was identified as a transitory material which 
was thought to inhibit electrocoagulation due to the formation of a passive film.  Iron 
speciation was shown to be complicated with various species formed depending upon 
solution pH, applied potential and salt concentration. 
    
The turbidity measurements paralleled the apparent colour data as the presence of 
suspended flocs impacted both parameters.   Note that EC increased turbidity relative 
to the starting solution.  Bukhari [92] reported that reduction of solution turbidity 
was promoted by generation of dissolved iron at the anode.  As a general observation 
the turbidity diminished as the contact time in the EC cell increased which was in 
harmony with the data in Table 7.  Sadeddin et al. [90] also noted that increasing 
current density in the EC system enhanced the reduction in solution turbidity.  
However, in the case of more complex coal seam water it appears that suspended floc 
material remained in the treated water which increased the overall solution turbidity.  
 
4.3.3 Major Singularly Charged Ions 
The major singularly charged ions in the coal seam water did not unequivocally 
appear to be impacted by the electrocoagulation treatment, with the fluctuation in 
data values likely related to inherent errors in measurement of the individual species 
[Figure 23].  Koparal [77] claimed that electrocoagulation was ineffective in 
removing Na+ and Cl- ions, hence a combined system with electrodialysis was 
needed to be considered to overcome this latter problem.  Sanfan [167] also reported 
that less than 10 % of Cl was removed from brackish water using EC, and likewise 
Na+ and K+  were hardly removed.  Shammas et al. [168] mentioned that 
electrocoagulation did not remove inorganic contaminants which do not readily form 
precipitates, such as sodium and potassium.   
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Figure 23: Impact of electrocoagulation on the removal of singularly charged ions 
from coal seam water using mild steel electrodes 
 
4.3.4 Alkaline Earth Ions 
With the alkaline earth ions it was apparent that increasing current density and 
contact time improved the removal percentage of all the alkaline earths.  Closer 
examination of experiment 2 revealed that the order of preference for removal from 
solution was barium (100 %) > strontium (78 %) > magnesium (77 %) > calcium (64 
%) [Figure 24].  Malakootian et al. [98] reported a 98.2 and 97.4 % removal 
efficiency of calcium and total hardness which was obtained at pH 10.0, voltage of 
12 V and retention time of 60 minutes using EC.  Liao et al. [169] compared 
electrocoagulation using either iron or aluminium electrodes to remove scale forming 
species from simulated cooling tower water.  Both calcium and magnesium ions were 
partially removed from solution (ca. 17 and 40 %, respectively under optimum 
conditions) and the proposed mechanism was electrostatic attraction to hydroxyl sites 
present in the floc material.  In accord with our study, Liao et al. [169] also found 
that magnesium ions were removed to a greater extent than calcium ions.  Parga et al. 
[162] demonstrated that electrocoagulation using iron electrodes could achieve high 
removal of strontium from sodium chloride doped solutions with efficiencies up to 
99.5 %.  Assuming the volume of water treated was 400 mL then the power 
consumption corresponded to 5.89 kWh/m3 of solution treated a value much greater 
than our power usage figures. Murthy and Parmer [154] also performed 
electrocoagulation experiments on the removal of strontium (up to 100 mg/L) from 
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synthetic water using stainless steel and aluminium electrodes.  They had concluded 
that stainless steel (iron) performs better than aluminium electrodes with 93% 
removal of strontium.     
 
 
Figure 24: Impact of Electrocoagulation on the Removal of Alkaline Earth Ions from 
Coal seam water using mild steel Plates 
 
4.3.5 Boron 
Mild steel plates appeared to have limited ability under the present experimental 
conditions to remove boron from coal seam water [Figure 25].   
 
Figure 25: Impact of electrocoagulation on the removal of various species from coal 
seam water using mild steel plates 
 68Chapter 4: Electrocoagulation with Mild Steel Electrodes for the Pre-Treatment of Coal Seam Gas Produced Water C 
In contrast, Ezechi et al. [111] reported 96.7 % removal efficiency of boron from 
produced water from an oil refinery using an electrocoagulation unit equipped with 
iron electrodes.  Notably, the solution pH was only 7.84, compared to the more 
alkaline values of > 8.8 employed in this study.  As discussed by Vasudevan  et al. 
[170] the optimal pH for boron removal during electrocoagulation was determined to 
be ca. 7.  As the pH was increased the degree of boron removal was observed to 
reduce and this behaviour was correlated to both the conversion of B(OH)3 to 
B(OH4)- species and the decreased availability of metal hydroxide flocs.  Yilmaz et 
al. [171] also showed a rapid decrease in boron rejection from a synthetic solution of 
boron in water when using EC with aluminium electrodes, once the pH exceeded 8.  
Boron removal from solution has also been shown to depend upon the boron 
concentration [172].  Sayiner et al. [172] reported that the degree of boron 
elimination was promoted by the presence of high boron concentrations up to 1000 
mg/L.  In contrast, Yilmaz et al. [171] presented data which suggested that 
increasing levels of born in solution were less efficiently removed using 
electrocoagulation.  However, they did note that as they may have not supplied 
sufficient aluminium ions to facilitate the boron elimination process.  Coal seam 
water only contained very low levels of boron, typically less than 1 mg/L, hence the 
presence of ample floc should not have been a major issue.  However, the elevated 
pH would have been expected to limit boron removal from solution.  The presence of 
competing ions in the coal seam water sample may also have significantly inhibited 
boron elimination, albeit the solution complexity does not allow a precise conclusion 
to be made at this time concerning the mechanism by this could occur.  Xu et al. 
[106] proposed that boron was mainly sorbed on the surface of flocs formed during 
electrocoagulation, hence the existence of other species on these sites could prevent 
boron from being eradicated.  The sodium chloride present in the coal seam water 
may also influence the boron removal rate as Zeboudji et al. [173] demonstrated that 
increasing levels of sodium chloride enhanced boron elimination, possibly by means 
of removal of passivating oxide layers on the electrode surface.    
 
4.3.6 Silica 
Silica was decreased in concentration when EC was used to treat the CS water, with 
again the trend being that higher current densities and longer contact time accelerated 
the degree of removal.  For Experiments 1 to 6, the silica removal percentage ranged 
 Chapter 4: Electrocoagulation with Mild Steel Electrodes for the Pre-Treatment of Coal Seam Gas Produced 
Water C 69 
from 25.5 to 84 % [Figure 25].  Den and Huang [174] successfully applied EC with 
iron anodes to remove silica nanoparticles from a semi-conductor manufacturing 
wastewater solution, with efficiencies as high as 95 % reported.  Den et al. [175] 
proposed that two distinct mechanisms were involved when colloidal particles were 
removed from solution using electrocoagulation with iron anodes.  Particle 
destabilization driven by release of ferrous ions from the electrode surface which 
charge neutralized the silica colloids was postulated to lead to flocs which floated 
during the final settling stage.  Whereas co-precipitation of iron hydroxides with 
silica was thought to result in flocs which settled to the bottom of the clarifier vessel.  
Liao et al. [169] also discovered that iron electrodes used in an EC cell were highly 
efficient for the removal of silica from cooling water.  Formation of inner sphere 
complexes between iron species and orthosilicilic acid as shown in Equation 29 was 
suggested as an appropriate explanation for the relatively large silica removal from 
solution.        
 
Equation 29:  Fe2O10H14 + Si(OH)4  →  Fe2O10H12 + Si(OH)2 + 2 H2O 
 
4.3.7 Iron and Aluminium 
Iron content in the treated water rose with highest recorded concentration being 21.4 
mg/L for Experiment 5.  The rise in the iron concentration in the CS water was 
presumably caused by dissolution of iron from the mild steel plates.  Den and Huang 
[174] observed substantial levels of residual iron in solution when the current density 
used during electrocoagulation of silica nanoparticles was elevated beyond ca. 8 A 
m-2.  The hydraulic retention conditions were also shown to influence the amount of 
residual iron in the treated solution, with long retention times promoting the quantity 
of iron left.  In this study, iron concentration was relatively small for the highest 
current density tests (Experiments 1 & 2) but was substantially increased as the 
current density was lowered (21.4 mg/L maximum value).  There was not a 
consistent trend in relation to the impact of contact time in the EC chamber, with the 
iron concentration decreasing in value as the contact time was extended from 30 to 
60 s for the three highest current density values but increased when the current 
density was at its lowest quantity.   Aluminium was only present in the CS water at 
very low levels (<0.05 mg/L).  The highest removal of aluminium again occurred 
when the highest current densities and longest contact times were employed.  For 
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example, 64 % reduction in aluminium concentration was recorded after 60 s contact 
time at 0.8 mA/cm2 current density.  
    
4.3.8 Fluoride, Bromide, Sulphate, & Dissolved Organic Carbon 
There was no discerned removal of fluoride, sulphate, and bromide by EC using mild 
steel plates [Figure 26].  However, in the best case, EC using mild steel electrodes 
was able to remove 68 % of dissolved organic carbon (DOC) from the CS water.  
Drouiche et al. [176]  were able to achieve 60 % removal of fluoride from lime pre-
treated photovoltaic wastewater by electrocoagulation using iron electrodes.  They 
reported that the optimal conditions for fluoride removal included a pH value of 6 
with higher solution pH inhibiting the reduction in fluoride concentration.  
Alternatively, Bazrafsan et al. [177] presented data which indicated that increasing 
the solution pH up to 10 when treating sodium fluoride solutions using iron 
electrodes in an EC unit, actually promoted fluoride removal.  One interfering factor 
may be the solution composition as it has been shown by Montero-Ocampo et al. 
[178] that the presence of competing ions such as chloride which is prevalent in coal 
seam water may reduce fluoride removal degree.         
 
Figure 26: Impact of electrocoagulation on the removal of fluoride, sulphate, 
bromide, and dissolved organic carbon species from coal seam water using mild steel 
electrodes 
 
Yadav et al. [179] reported 60.7 % sulphate removal from wastewater by 
electrocoagulation using iron electrodes.  The reason for the diminished performance 
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of electrocoagulation with CS water for the aforementioned species therefore needs 
to be addressed in terms of the different conditions employed.  Notably, the reduction 
in DOC in this study was in agreement with Dubrawski et al. [180] who successfully 
removed 72.6 % DOC from Suwannee River source using electrocoagulation with 
iron electrodes.  These authors also demonstrated that on average iron electrodes 
performed better than aluminium and zinc plates with regard to DOC removal.  The 
identity of the iron species formed during the electrocoagulation process was also 
shown by Dubrawski and Mohseni [165] to influence the extent of natural organic 
matter (NOM) removal, with green rust found to exhibit the best performance.  As 
outlined in Section 3.2 green rust formation may have been responsible for the 
intense green coloration of the flocs in Experiments 1 and 2, which was in accord 
with the recorded maximum reduction in DOC content of the CS water.     
 
Bromide in wastewater treated by electrocoagulation has received minimal attention 
in the literature.  Cheng [181] investigated electrocoagulation for the remediation of 
copper in solutions containing bromide salts and noted that bromide ions appeared to 
have no impact upon the EC performance.  This latter observation was in harmony 
with our study where the bromide concentration in CS water was maintained at ca. 
2.4 mg/L regardless of EC conditions employed.  
 
4.3.9 Alkalinity 
In terms of alkalinity, there was not a large change in carbonate and bicarbonate in 
the CS water according to Figure 27.  Longer contact time and higher voltages 
appeared to increase the quantity of bicarbonate being converted to carbonate in the 
CS water.  However, the highest conversion of bicarbonate recorded was only 22 % 
in experiment 2.  Alkalinity is an important parameter in relation to 
electrocoagulation treatment of wastewater samples.  For example, Zhao et al. [123] 
examined the impact of bicarbonate alkalinity during the removal of fluoride from 
drinking water using aluminium EC and found a correlation between alkalinity value 
and fluoride elimination effectiveness.       
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Figure 27: Impact of electrocoagulation on the presence of bicarbonate and carbonate 
alkalinity in coal seam water using mild steel electrodes 
 
4.3.10 Floc Characterization and Settling Behaviour 
The floc colour was dark green and the solution practically clear for the highest 
current density settings used in experiments 1 & 2.  In contrast, the remaining 
experiments using iron electrodes produced solutions which appeared yellow/orange 
and flocs which were rustier in colour.  Yellow solutions have been attributed by Den 
and Huang [174] to the presence of residual iron in solution.  It was significant that 
the settling rate was faster with higher applied voltage as in the case of experiments 1 
& 2 [Figure 28].  This behaviour was probably due to the flocs produced under 
maximum voltage conditions being more mature and dense [55].  Den et al. [175] 
also proposed that two distinct types of floc were present when iron electrodes were 
used to remove colloidal silica in EC experiments.  “Sediment sludge” was proposed 
to settle faster than “surface flocs”.  Lower voltages produced low density flocs as in 
the case of experiments 3, 4 and 5.  Longer treatment time in the EC unit also seemed 
to generally help the settling speed as in the case of experiments 3 and 4, 5 and 6. 
[Figure 28]   In experiments 7 and 8, the voltage was too low to produce any flocs at 
all [Figure 28].  Figure 29 supported the observation that no flocs were produced in 
experiments 7 and 8 since no dried material was recovered from solution.  Notably, a 
large mass of floc was recorded for the high current density EC tests [Experiments 1 
and 2] with the trend that greater contact time in the EC chamber produced more floc 
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as may be reasonably expected.  Prediction of the Faradaic amount of iron which 
should have been released from the iron electrodes was made using Equation 30. 
  
Equation 30:      m =  ItM
zF
 
 
m = mass of iron released to solution (g); I = current (Amps); M = atomic mass of 
iron; z = electrons transferred in anodic dissolution (= 2); F = Faradays constant 
(96,486 C/mol).   
 
 
 
 
 
 
 
 
 
 
Figure 28: Relationship between floc volume and settling time for electrocoagulation 
experiments involving mild steel electrodes 
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Figure 29: Mass of floc produced as a function of current and contact time for mild 
steel electrodes 
 
Comparison of the data in Figure 29 with that in Table 8 revealed that considerably 
more iron was in the floc mass (assuming floc based primarily upon Fe(OH)3 in 
calculations) than expected based upon the Faradaic amount.  Lacasa et al. [182] 
investigated the non-electrolytic release of aluminium and iron ions into solution 
during electrocoagulation of sodium chloride dissolved in water.  Excess aluminium 
was found to dissolve due to chemical processes in solution especially at alkaline pH 
values.  Iron was not as susceptible unless at low pH values which suggests the more 
complex coal seam water has promoted the non-Faradaic removal of iron ions from 
the electrode.       
 
The optical microscopy images in Figure 30 show that flocs produced under 60 s 
treatment time in EC under the highest current density conditions, were more dense 
and compact than the 30 s sample.  This latter observation was in accord with the 
improved settling behaviour of the flocs after 60 s contact time relative to 30 s EC 
treatment, as shown in Figure 28.   
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Table 8: Summary of Floc and Dosing Data for Mild Steel EC treatment of CS water 
 Current 
(A) 
Residence 
Time (s) 
Volume Treated (L) Maximum Fe 
Theoretical 
Dose Rate 
(mg/L) 
Maximum 
Fe(OH)3 
Theoretical 
Floc Mass 
(mg) 
exp1 2.86 30 0.57 43.6 47.5 
exp2 2.84 60 0.57 86.5 94.3 
exp3 1.84 30 0.57 28.0 30.6 
exp4 1.72 60 0.57 52.4 57.1 
exp5 1.01 30 0.57 15.4 16.8 
exp6 1.06 60 0.57 32.3 35.2 
exp7 0.32 30 0.57 4.9 5.3 
exp8 0.32 60 0.57 9.7 10.6 
 
  
 
Figure 30: Optical microscopy images of “wet” flocs formed using a current density 
of 1.6 mA/cm2 for contact times of (a) 30 s and (b) 60 s 
 
The structure of flocs produced during electrocoagulation processes has been 
recently discussed by Lee and Gagnon [55].  These authors found that flocs formed 
using a solution comprising of 25 g/L NaCl and 15 g/L CaCl2 and either stainless 
steel or aluminium electrodes, were initially relatively loose structures which then 
aggregated as time progressed, similar to our data in Figure 30.  A more detailed 
examination of the floc samples by SEM at 10,000x magnification [Figure 31] 
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revealed that the flocs produced by EC were mainly amorphous in character.  The 
cubic features were typical for halite (NaCl) crystals which probably formed during 
the drying process.  The image on the right shows a diatom particle removed from 
the CS water by the flocculation process.  Transmission Electron Microscopy (TEM) 
images provided by Lee and Gagnon [55] suggested that EC flocs were indeed 
amorphous and that they may be fractal in character.  XRD traces of the same flocs 
[Figure 32] revealed that the dried floc samples were mainly composed of goethite 
(α-FeO(OH)) and possibly ferrihydrite (FeOOH•0.6 H2O) [183].  The XRD peaks 
were not very sharp, again suggesting that the floc samples were mainly amorphous 
rather than crystalline in harmony with the SEM images.  Geronimo-Lopez et al. 
[166] confirmed the presence of an α-FeO(OH) phase in their Raman spectroscopy 
investigations of carbon steel electrodes dissolution during electrocoagulation of 
sodium sulphate containing solutions.  Dubrawski and Mohseni [165] also used in 
situ Raman spectroscopy to identify FeOOH albeit in this case the material was 
ascribed to δ-FeOOH.  Den et al. [175] characterized iron sludges from 
electrocoagulation of polishing water and noted the presence of both α-FeO(OH) and 
FeO(OH).  
      
  
 
Figure 31: Scanning Electron Microscopy (SEM) images of dried flocs formed using 
a current density of 1.6 mA/cm2 for contact times of (a) 30 sec and (b) 60 s 
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Figure 32: X-Ray Diffraction traces for dried flocs formed using mild steel 
electrodes 
 
FTIR spectra of the iron flocs revealed peaks in the region of 2500 – 3800 cm-1, 1200 
– 1700 cm-1 700 – 1150 cm-1 and 500 – 700 cm-1.   The broad peak in the region of 
2500 – 3800 cm-1, not shown in Figure 33, was typical of O–H stretching modes of 
water.   Correspondingly, the peak at 1630 cm-1 was assigned to the deformation 
mode of H2O, and bands at 1490 cm-1 and 1350 cm-1 were probably the asymmetric 
and symmetric stretching modes of various adsorbed carbonate species on iron oxide.  
The peak near 1000 cm-1 belonged to the C – O total symmetric stretch, while peaks 
below 900 cm-1 were assigned to the in and out of plane bending absorption of the 
adsorbed carbonate species.  The Fe – O lattice stretching modes occur below 700 
cm-1.  The 28.9 V 60 sec floc sample had the strongest IR absorption, followed by 
18.9 V 60 sec sample and 37.9 V 60sec floc sample.   
 
Figure 33: Fourier Transform Infrared (FTIR) images of dried flocs formed using 
mild steel electrodes 
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4.3.11 Process Economics 
Process economics for electrocoagulation are primarily dictated by the electricity and 
electrode consumption.  As already shown above, the mass of electrode consumed 
was considerably in excess of the Faradaic amounts, which suggested that focus upon 
reducing electrode use would be beneficial.  Calculations of iron consumed per kL of 
CS water treated by EC indicated that between 1.4 and 2.5 kg of mild steel would be 
required for experiments 1 and 2.  Based upon a price of A$3 per kg of mild steel 
these electrode usage rates corresponded to A$4.2 to 7.5 per kL of CS water treated.  
The relationship in Equation 31 was used to calculate power consumption. 
 
Equation 31    P = I V/Q       
 
Where P = power (W), I = amps (A), V = volts (V) and Q = flow rate.  In all 
experiments the total volume of water treated was 0.57 L.  The assumption that the 
power usage could be scaled to a 1 m3 coal seam water treated basis was made.  For 
the highest current density situation wherein the EC performance was greatest the 
electricity consumption varied from 1.6 to 3.1 kWh/kL for the 30 and 60 s contact 
time experiments [Figure 34].  Application of an electricity price of A$0.10 per kWh 
resulted in estimates of A$0.16 to A$0.31 per kL of coal seam water treated.  
Consequently, it was concluded that the major cost relating to electrocoagulation of 
coal seam water was associated with the electrode use and not electricity demand.  
Canizares et al. [47] also calculated that electrode costs were an order of magnitude 
greater than the electrical consumption figures for a variety of wastewater samples 
treated using an EC unit equipped with aluminium electrodes.   
      
4.3.12 Conclusions 
Considering all the data collected in this study, it is apparent than installation of 
electrocoagulation could result in several key benefits in relation to treatment of coal 
seam water.  First, a typical coarse filtration solution such as a dissolved air flotation 
(DAF) unit could be replaced by the more compact electrocoagulation stage.  
Second, an ion exchange softening plant may not be required or as a minimum the 
incoming alkaline earth loading in the feed water would be substantially reduced.  
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Therefore, the ion exchange process would have less leakage and consume 
significantly less regeneration chemicals.   
 
 
Figure 34: Estimated Power Consumption for Electrocoagulation Treatment of Coal 
seam water using Steel Electrodes 
 
Third, silica control strategies could also be aided by the incorporation of 
electrocoagulation in the treatment process.  Overall, the extent of fouling of the 
reverse osmosis membranes would be expected to decrease as a result of more 
efficient pre-filtration strategies and the brine produced would now be of a higher 
purity than before which negates or minimises the need for further purification steps.  
However, application of electrocoagulation using iron based electrodes still has 
drawbacks which need further research to solve.  Primarily, the process economics 
may be expensive due mainly to electrode consumption rates, albeit a thorough 
comparison with alternate technical solutions is required.  The amount of iron 
emitted from the electrodes into solution was substantially in excess of the Faradaic 
quantities thus suggesting that strategies to minimise interaction between species in 
the CS water such as chloride ions with the electrode surfaces may be beneficial.  For 
example, reducing the contact time for the CS water in the EC chamber could reduce 
the chemical etching of the electrode surface while not diminishing the purification 
performance significantly.  The ability of the EC unit to remediate boron and fluoride 
in the CS water would also be useful in terms of producing water suitable for 
beneficial reuse.  Adjustment of solution pH to lower values appears to be one means 
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which could promote the removal efficiencies of both latter species.  Finally, it is 
necessary to extend these promising studies to other coal seam water compositions to 
determine if the EC technology treats these as effectively as the solution reported in 
this publication.              
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Chapter 5: Effectiveness of Aluminium 
Based Coagulants for Pre-
Treatment of Coal Seam 
Water 
 
Brackish coal seam water produced from the coal seam gas industry is often 
treated by reverse osmosis to make the water suitable for beneficial reuse.  As 
such, pre-treatment technologies are required in order to minimise membrane 
fouling and prevent reduction in water recovery rates.  It was our hypothesis 
that coagulants may be able to remove problematic dissolved ions such as 
alkaline earth ions and soluble silicate species which are responsible for scaling 
of membranes and equipment.  Consequently, this study evaluated the 
performance of aluminium chlorohydrate and aluminium sulphate coagulants 
for both simulated and actual coal seam water.  For simulated coal seam water 
samples the degree of dissolved silica removal was generally high (>85 %) and 
promoted by increasing water salinity.  Alum was significantly more efficient at 
removing silica and alkaline earth ions from simulated coal seam water.  
Variation in coal seam water composition of relatively concentrated solutions 
detrimentally impacted alkaline earth ion removal and in some instances 
reduced the extent of dissolved silica removal.  When actual coal seam water 
samples were studied, the amount of aluminium chlorohydrate required was 
significantly increased and the silica removal process inhibited.  It was proposed 
that the presence of organic species in the real coal seam water played an 
important role in the mode by which the coagulants operated.  Future studies 
should focus on understanding in more detail the influence of organic matter 
and influence of dissolved cations and anions upon coagulant behaviour.                    
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5.1 INTRODUCTION 
Reverse osmosis (RO) desalination plants have been installed as part of an overall 
strategy to manage the coal seam water [33].  Reverse osmosis systems require 
comprehensive pre-treatment of the incoming feedwater in order to minimise 
detrimental issues such as membrane fouling, which can reduce water recovery rates 
[184].  Generic approaches for water pre-treatment include both coarse and fine 
filtration stages [185, 186], followed by a softening step such as that involving ion 
exchange resins [187, 188]. 
 
With respect to the coarse filtration stage, both dissolved air flotation (DAF) and 
microsand ballasted flocculation are both prospective candidates for use [5, 189].  
The essential components of a dissolved air flotation system are: a rapid mixing stage 
where coagulant is added, a flocculation step; dissolved air flotation stage wherein 
air bubbles have been added via a saturator; and, a final filtration operation [190].  
Dissolved air flotation has already found extensive application for wastewater 
treatment [190, 191].  For instance, Hami et al. [192] evaluated a DAF unit wherein 
activated carbon was also added in order to promote removal of BOD and COD.  
Alternatively, Chen et al. [193] reported the efficient control of algae species in 
surface water by DAF.  Veolia marketsmicrosand ballasted flocculation under the 
trade name ACTIFLO, and claim that it enhances the settling behaviour of suspended 
solids and allows creation of compact clarification units [194].  ACTIFLO has been 
employed for a wide variety of water treatment applications such as seawater 
desalination [195, 196], drinking water purification [197] and refinery water 
treatment [198].  The basis of the technology is the combination of chemical 
coagulation, microsand addition and lamella settling [194].         
Both the microsand ballasted flocculation and DAF processes rely on coagulant for 
destabilisation of colloidal matters and suspended particulates [199].  Commonly, 
two categories of coagulants are used in industry: inorganic and organic materials.  
Due to concerns with fouling of downstream membranes, the use of organic polymer 
coagulants is often not desired [200].  With respect to inorganic coagulants, the most 
common variants are either aluminium or iron based.  Aluminium based examples 
include aluminium sulphate, aluminium chloride, sodium aluminate, aluminium 
chlorohydrate and polyaluminium chloride [201].  The iron based coagulants 
typically encompass ferric sulphate, ferrous sulphate, and ferric chloride.   
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Aluminium sulphate (alum) is one of the most studied coagulants due to its ready 
availability and relatively low cost.  For example, Guida et al. [202] studied the 
impact of alum dose rate and solution pH upon the control of COD and suspended 
solids present in municipal wastewater.  Similarly, Amuda and Alade [203] 
investigated the removal of COD, suspended solids and phosphate from abattoir 
wastewater and evaluated the performance of alum against a range of iron based 
coagulants.  It was discovered that alum outperformed the other coagulants tested for 
reduction in the levels of total suspended solids and phosphate.  In contrast, Yuheng 
et al. [204] compared the use of aluminium sulphate and polyaluminium chloride 
(PACl) to treat algae contaminated tap water and discovered that larger dose rates of 
alum were required compared to PAC.  Ghafari et al. [205] confirmed the slight 
superiority of PACl compared to alum for leachate treatment, albeit alum was much 
better for COD elimination.  These latter observations may relate to the study of Wu 
et al. [206] which identified different coagulation mechanisms for alum and 
polyaluminium chloride.  It was concluded that charge neutralization and sweep 
flocculation were involved when alum was used and charge neutralization, 
polycation-patch coagulation for PACl.  Aluminium chlorohydrate (ACH) is a 
modern coagulant which has a high aluminium content (Al2(OH)5Cl).  ACH has been 
demonstrated by Ho et al. [207] to have some ability to remove silica species from 
RO brine.  Yonge et al. [62] compared a range of inorganic coagulants for dissolved 
organic carbon (DOC) removal from wastewater and found that ACH had the highest 
performance of the aluminium based materials.  Sadrnourmohamadi and Gorczyca 
[208] confirmed the superiority of ACH compared to alum or PACl for DOC 
removal from wastewater especially at higher pH values.  The enhanced performance 
was correlated with the greater abundance of monomeric and medium polymeric 
aluminium species in solution.                    
 
Despite the proliferation of the coal seam gas industry, there appears to be minimal 
information published regarding the applicability of coagulants to coal seam water.  
It was our hypothesis that aluminium based coagulants may be useful in not only 
removing particulate matter present but also dissolved ions from coal seam water.  
The latter idea was based upon evidence that coagulants can remove substantial 
amounts of heavy metal ions from solution [58] and the observation that silica could 
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be partially removed from brines [207].  The question arises if scale forming species 
such as silica, calcium, magnesium, strontium and barium can be removed by from 
CS water by coagulation.  In particular, this study was designed to determine the 
optimal dose of aluminium based coagulants such as aluminium sulphate and 
aluminium chlorohydrate (ACH).  The impact of coal seam gas water salinity and 
composition was also evaluated in relation to which species and to what extent were 
removed.  Jar testing was the main approach used to determine the coagulant 
performance and both simulated and actual coal seam water samples were studied.    
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5.2 MATERIALS AND METHODS 
5.2.1 Coagulants and Chemicals 
Details of the coagulants used in this study are presented in Tables 9 & 10. 
 
Table 9: Characteristics of aluminium sulphate coagulant 
 
Identity Liquid Alum 
 Supplier Omega Chemicals 
 
Trade Name 
47 % Aluminium 
Sulphate Solution 
 Formula Al2(SO4 )3.14H2O 
 Specific Gravity 1.35 g/mL 
Al2O3 content of Alum Solution 8.06 % 
Mass Al2O3 per L of Alum Solution 108.81 g/L 
Mass Al per L of Alum Solution 57.59 g/L 
Al content of Alum Solution 4.266 % 
Mass Al2(SO4 )3.14H2O per L of Alum Solution 634.287 g/L 
Al2(SO4 )3.14H2O content per L of Alum Solution 46.984 % 
 
Table 10: Characteristics of aluminium chlorohydrate coagulant 
 
Identity Aluminium 
Chlorohydrate (ACH) 
 
Supplier Hardman Chemicals  
Trade Name Alchlor Gold  
Formula Al2(OH)5Cl  
Specific Gravity 1.36 g/mL 
Al2O3 content of ACH Solution 28.00 % 
Mass Al2O3 per L of ACH Solution 380.80 g/L 
Mass Al per L of ACH Solution 201.54 g/L 
Al content of ACH Solution 14.819 % 
Mass Al2(OH)5Cl per L of ACH Solution 651.537 g/L 
Al2(OH)5Cl content per L of ACH Solution 47.907 % 
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Simulated CS water solutions were made by addition of appropriate quantities of salt 
to purified water.  The following salts were used: sodium chloride; sodium 
bicarbonate; potassium chloride; calcium chloride; magnesium chloride; barium 
chloride; strontium chloride; sodium fluoride; boric acid; potassium silicate and 
sodium sulphate.  Chemicals were all of analytical grade or equivalent and supplied 
by both Sigma Aldrich and Rowe Scientific.  The CS water samples with different 
concentration but same ratio of elements tested had the compositions shown in Table 
11.  Similarly, the CS water samples with varying composition are illustrated in 
Table 12. 
Table 11: Initial composition of the simulated coal seam water (same ratio of 
dissolved components and differing overall concentration) 
 
 Value  
Species Sample 1 Sample 2 Sample 3 Units 
Sodium 742.30 1426 2816.8 mg/L 
Potassium 41.22 85.6 161.2 mg/L 
Calcium 3.38 7.42 14.2 mg/L 
Aluminium 0.58 2.04 5.10 mg/L 
Magnesium 1.13 2.26 3.76 mg/L 
Barium 0.20 0.36 0.60 mg/L 
Strontium 0.48 1.00 1.56 mg/L 
Iron 0.01 n.d. n.d. mg/L 
Dissolved silica 4.88 15.50 37.8 mg/L 
Boron 1.09 2.40 4.48 mg/L 
Chloride 590.9 n.d. n.d. mg/L 
Fluoride 4.70 n.d. n.d. mg/L 
Sulphate 8.94 15.66 31.92 mg/L 
Bicarbonate 862 n.d. n.d. mg/L 
Carbonate 71 n.d. n.d. mg/L 
Solution pH 8.84 n.d. n.d.  
Solution 
conductivity 
2920 n.d. n.d. µS/cm 
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Table 12: Initial composition of the simulated coal seam water (varying ratio of 
dissolved components and salinity) 
 
 Value  
Species Sample 4 Sample 5 Sample 6 units 
Sodium 3624 2734 2458.5 mg/L 
Potassium 107.8 24.62 20.22 mg/L 
Calcium 11.3 76.14 108.7 mg/L 
Magnesium 35.12 36.36 38.00 mg/L 
Barium 9.68 13.76 22.75 mg/L 
Strontium 13.34 16.74 20.8 mg/L 
Dissolved silica 10.98 9.00 13.63 mg/L 
Aluminium 0.16 0.40 0.32 mg/L 
Iron 0.02 0.04 0.02 mg/L 
Sulphate 38.46 12.36 12.83 mg/L 
Solution pH 8.17 8.19 7.78  
Solution 
conductivity 
15300 13390 12220 µS/cm 
 
5.2.2 Jar Testing Procedures 
A bench top Platypus Jar Tester was used to carry out the coagulation and 
sedimentation experiments involving CS water.  All jar testing experiments were 
performed using 2 litre volume, square jars and large 35 x 80 mm impeller paddles.  
The standard procedure used in the jar testing experiments involved 10 seconds of 
pre-mixing, followed by 1 min of rapid mixing @ 190 rpm and then 10 min mixing 
@ 50 rpm in order to encourage flocculation.  The solution was then allowed to settle 
for 30 minutes before a small sample was taken for analysis.    
 
 
5.2.3 Water Analysis  
5.2.3.1 Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) 
 88 Chapter 5: Effectiveness of Aluminium Based Coagulants for Pre-Treatment of Coal Seam Water 
A PerkinElmer Optima 8300 DV Inducted Coupled Plasma - Optical Emission 
Spectrometer was used to analyse a range of ions in solution.  Samples were acidified 
to pH 2 by adding the 100µL of 70% nitric acid which was purified using a Savillex 
DST-1000 distillation unit.  A multi-element standard supplied by Australian 
Chemical Reagents (ACR) was used to prepare standard solutions to quantify the 
analysis.   
 
5.2.3.2 Ion chromatography (IC) 
A Dionex 2100 –RFIC ion chromatography unit was used to analyse anions in 
solution.  Prior to analysis, all samples were filtered through a Dionex OnGuard II 
Na column to remove Al.  AR grade sodium and potassium salts were dried in the 
oven for 2 hours at 150 °C before used in standard preparation.   
 
5.2.3.3 Apparent colour/True colour 
A Hach DR 5000 UV-VIS spectrophotometer was used to measure Apparent and 
True colour.  Hach method 8025 “Colour, True and Apparent, Low Range” was used 
to analyse samples and values were quoted in Pt-Co units.  The True colour 
measurements were taken after filtering the samples through a 0.45 micron filter.   
 
5.2.3.4 UV254 nm Absorbance 
UV absorbing organic constituents were detected using a Hach DR5000 UV-VIS 
spectrophotometer with Hach test method 10054.  A 1 cm cell was used as sample 
holder.   
 
5.2.3.5 Turbidity 
Turbidity measurements were recorded using a Hach 2011Q portable turbidity meter.  
The meter was calibrated with a variety of turbidity standards prior to use.   
 
5.2.3.6 Total suspended solids (TSS) 
Advantec GB – 140 glass filter paper was used for TSS measurements.  Aqueous 
samples were first passed through the filter paper then dried in the oven for at least 
an hour at 120° C.  The sample was then removed from the oven and cooled to room 
temperature before accurately weighing.  The sample was then put back to the oven 
till the difference in consecutive weights was less than 0.5 mg.   
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5.2.3.7 Solution pH/conductivity 
TPS Aqua pH and conductivity meters were used to take all pH and conductivity 
readings.  The pH meter was calibrated with pH 7.00 and 4.01 buffer solutions 
supplied by TPS.  The conductivity meter was calibrated in both air and with a 
conductivity standard of 2.76 mS/cm supplied by TPS.   
 
5.2.4 Coal Seam Gas Water 
The coal seam gas water used in this study was obtained from a coal seam gas 
operation in the Surat Basin.  The initial composition of the CS water is listed in 
Table 13.  
 
Table 13: Initial composition of the actual coal seam water sample 
Species Concentration Units 
Sodium 679 mg/L 
Potassium 34 mg/L 
Calcium 2.93 mg/L 
Magnesium 0.83 mg/L 
Barium 0.16 mg/L 
Strontium 0.46 mg/L 
Dissolved silica 10.52 mg/L 
Boron 0.935 mg/L 
Chloride 500 mg/L 
Fluoride 5.69 mg/L 
Bicarbonate 792 mg/L 
Carbonate 138 mg/L 
Solution pH 9.03  
Solution conductivity 3260 µS/cm 
Turbidity 8.4 NTU 
True colour 9 Pt – Co 
Apparent colour 76 Pt – Co 
Total suspended solids 7.5 mg/L 
Dissolved Organic carbon (DOC) 6.4 mg/L 
UV254 0.113 Absorbance units 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Comparison of ACH and Alum Coagulants for Treatment of a Low TDS 
Coal Seam Water Sample 
Initially simulated coal seam water samples were tested in order to determine the 
fundamental performance of alum and ACH coagulant.  Figure 35 shows the physical 
properties of the low TDS simulated CS water sample 1 as a function of ACH 
coagulant dose.  Addition of ACH did not significantly impact solution pH as the 
sample only reduced in pH by 0.2 over the course of the test.  Solution conductivity 
varied as the aluminium dose was increased and followed the same trend as pH; 
albeit the conductivity for the fresh sample and the sample with the highest dose of 
coagulant was similar.     
 
  
  
  
 
Figure 35: ACH coagulant performance when added to CS water sample 1 
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The singularly charged ions sodium, potassium, and chloride were not notably 
impacted by the coagulation process as within error the solution concentrations were 
reasonably constant (it is noted that boron concentration was used as an internal 
standard and that this value varied by ± 3%).  In contrast, addition of ACH appeared 
to diminish the amount of calcium ions present in the CS water [Figure 35] (from 
3.38 to 2.72 mg/L) which represented a 19.5 % reduction.  Notably, increasing the 
aluminium dose above 15.1 mg/L did not further enhance the removal of calcium 
ions.  Magnesium ions were lesser impacted by the coagulant as they only decreased 
from 1.13 to 1.04 mg/L (8 %) and showed the same behaviour as calcium ions in that 
increased amounts of coagulant did not promote further extraction from solution.  In 
contrast, no discernible change in the concentrations of either barium or strontium 
was recorded.  Many authors have studied the impact of water hardness upon 
coagulation-flocculation processes, but the removal of dissolved alkaline earth ions 
has rarely been mentioned.  Wang et al. [209] investigated the influence of hardness 
and aluminium speciation for a range of aluminium based coagulants for the removal 
of kaolin and humic acid from aqueous solutions.  Increasing hardness was found to 
enhance the degree of humic acid removal and this was ascribed to the binding of 
calcium ions to the humic acid which neutralized the negative charge on this 
material.  Inherently, this latter result suggests that calcium ions were removed from 
solution due to coagulant addition.  However, in the present study with simulated CS 
water humic acid was not present, thus an alternate reason for the partial removal of 
calcium and magnesium ions from solution was required.  Possible explanations 
include sorption of the calcium and magnesium species to Al(OH)3 flocs or 
electrostatic interactions.  Precipitation of calcium as calcium carbonate has been 
noted in previous coagulant studies but only when the pH was raised from 9.5 to 10.5 
[210].  The fact that barium and strontium species remained in solution during our 
tests also suggested precipitation was not the cause of alkaline earth ion removal.           
 
Dissolved silicate species were more readily eliminated from solution as evidenced 
by the decrease from 4.88 to 0.66 mg/L (86.5 %) when 15.1 mg/L Al was dosed to 
the CS water.  As in the case of calcium and magnesium ions, increasing the 
coagulant dose did not change the silicate value in solution.  One possible 
explanation for the decrease in silicate species is that the solution pH may have 
promoted the conversion of silicic acid to polymerized silicate species.  However, 
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this is not consistent with known chemistry for dissolved silica wherein this latter 
phenomenon occurs when the pH is raised from ca. 8.6 to in excess of 10 [41].  In 
this study, the pH actually decreased to 8.73 and thus we have to consider whether 
silicate species may have sorbed on the aluminium flocs.  Sanciolo et al. [41] found 
that the sorption of silicate species on activated alumina was optimal at pH 8.6, 
which was similar to the pH values for CS water and ACH coagulant.  Salvador Cob 
et al. [211] also reported that dissolved silicate may be removed by contact with 
aluminium hydroxide (Al(OH)3) species at a pH of 8.8.  As described by Milne et al. 
[40] the essential feature of metal oxide sorbents is the presence of M-OH groups 
which can bind dissolved silica species in several different ways depending upon the 
process conditions.  Sorption of both monomeric and oligomeric species is possible 
as is surface polymerization and precipitation.                 
 
The presence of residual aluminium in solution after coagulation treatment can be of 
concern due to possible neurotoxicity [212, 213].  However, in this case the 
aluminium quantity in solution was discovered not to vary significantly from 0.5 
mg/L independent of ACH dose.  Similarly, fluoride ions were scarcely removed 
from solution (4.7 to 4.3 mg/L or a 8.5 % decrease) and sulphate ions actually 
increased slightly which was surprisingly as no sulphate ions were intentionally 
added during these tests.  One reason may be that a small concentration of sulphate 
species were present as a contaminant in the ACH. 
 
Fluoride removal from solution by coagulants is well documented.  For example, 
Gong et al. [214] studied fluoride removal from aqueous solutions using ferric 
chloride as a coagulant and demonstrated good removal of fluoride in the pH range 6 
to 7.  In Figure 35 the solution pH can be seen to always be above 8.6, and notably 
Gong et al. [214] indicated that at these latter values the fluoride removal was 
severely inhibited in harmony with our data.  He et al. [215] correlated the ability of 
an aluminium based coagulant to eliminate fluoride ions from solution to the 
presence of Al13 ([AlO4Al12(OH)24(H2O)12]7+) and medium polymer Alb species, and 
it was shown that at higher pH values (i.e. >8) that aluminates and larger sized 
polymers were promoted.  The high basicity of the ACH coagulant (ratio of OH:Cl = 
2.5; basicity = 83.3 % [216]) was another factor which has been suggested to inhibit 
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removal of fluoride ions from solution [215], hence the observed inability of ACH to 
notably remove fluoride ions from CS water was in accord with previous studies.                
 
We found that boron concentrations in CS water were not impacted by coagulant 
addition throughout this study, and indeed as mentioned above boron proved useful 
as an internal standard to determine any errors in measurement of contaminant 
concentrations.  Coagulation is not viewed as a priority means with regards to 
reducing boron concentrations in saline water as a reviewed by Hilal et al. [217] who 
focussed on reverse osmosis, ion exchange and adsorption methods.  Halim et al. 
[218] reported that 50 % of higher boron species could be removed from an aqueous 
solution of boric acid, however it was noted that the dose rates of alum employed 
were exceptionally high (18,367 mg/L) and not practical.       
 
Finally the level of iron in the CS water was very low in all cases and no meaningful 
interpretation of the impact of aluminium based coagulants could be made.  
 
Figure 36 illustrates the impact of alum addition to CS water sample 1.  The solution 
pH was noted to be lowered to a greater extent than the comparable situation with 
ACH (8.26 and 8.65, respectively), which was consistent with the fact that alum is an 
acidic salt.  For instance, Anderson et al. [219] found that alum addition to lake 
water initially reduced the pH from 8.2 to 7.5.  In this study the alkalinity was 
substantially higher than the investigation of lake water (c.f. 792 to 220 mg/L 
bicarbonate) and thus the pH reduction would have been expected to be less in this 
case.   
 
In harmony with this latter statement was the observation that carbonate species were 
essentially eliminated by increasing addition of alum [Figure 36], which initially 
enhanced the presence of bicarbonate species before they were themselves converted 
to carbonic acid.  This situation is exemplified by Equations 32 to 34.             
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Figure 36: Alum coagulant performance when added to CS water sample 1 
 
Equation 32  Al2(SO4)3. 18H2O → 2 Al3+ + 3 SO42− + 18 H2O → 2 Al(OH)3 +6H+ + 3 SO42− + 12 H2O 
 
Equation 33  CO 32−(aq) +  H+(aq)  ↔  HCO 3−(aq) 
 
Equation 34  HCO 3−(aq) + H+(aq)  ↔  H2CO3 (aq) 
 
Guida et al. [202] also indicated that alum addition to wastewater can reduce 
alkalinity by means of Equation 35. 
 
Equation 35   Al2(SO4)3 + 6 HCO3−  →  2 Al(OH)3 + 6 CO2 
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Nowacka et al. [216] noted that alum impacted alkalinity to a greater extent than pre-
hydrolyzed coagulants such as aluminium chlorohydrate.     
 
In contrast to the situation with ACH, the sodium, potassium and chloride ion 
concentrations were not stable during the coagulation procedure, and a general 
decrease was noted as the amount of coagulant added was increased.  After 19.2 
mg/L aluminium addition a reduction of 8, 11 and 13 % of sodium, potassium and 
chloride ions was evident (compared to a ±4.5 % variation in boron concentration for 
this test series).  If clay species formed in the solution due to the reaction between 
dissolved aluminium and silicate species, the possibility existed for creation of 
muscovite 2 KAl3Si3O10(OH)2 [220] which could explain the reduction in potassium 
ion concentration.    
 
Alum was found to be slightly more effective at removing calcium ions (from 3.38 to 
2.55 mg/L) which equated to a 24.5 % reduction (c.f. 19.5 % for ACH at an 
equivalent aluminium dose of 19.2 mg/L).  Similarly, removal of magnesium ions 
from solution by alum was also superior to ACH (14.2 % compared to 8%).  
Concomitantly barium and strontium ions showed a reduction in concentration when 
alum was added (50 and 31.2 %, respectively).  One route by which alum could 
remove alkaline earth ions from solutions containing bicarbonate alkalinity has been 
outlined by Gabelich et al. [220] [Equation 36].                       
 
Equation 36:  
 Al2(SO4)2. 14H2O + 3 Ca(HCO3)2  → 2 Al(OH)3 + 3 CaSO4 + 6 CO2 +14H2O  
 
These latter authors evaluated the addition of 6 to 8 mg/L alum to river water prior to 
an RO desalination stage did not notably change the concentrations of either 
magnesium or calcium ions in solution.  The discrepancy with the current study may 
relate to the substantial difference in alum dose rates used, and the precise chemistry 
of the feed water. 
 
Dissolved silica species were again substantially reduced when alum was added to 
CS water [Figure 36].  Only 4.8 mg/L Al was sufficient to eliminate 82 % of silica 
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present, which was less than the value of 86.5 % achieved with ACH.  Alum has 
been shown to perform better at higher pH values relative to other aluminium 
coagulants in terms of silica removal [210], hence the lower solution pH for simulate 
CS water when using alum may explain the slightly reduced silica removal 
performance [c.f. Figures 35 & 36].   
 
Residual aluminium in the alum treated CS water was noted to be an issue as 
addition of 4.8 mg/L Al enhanced the amount to 2.15 mg/L from a starting value of 
0.58 mg/L, albeit further dosing with alum (19.2 mg/L Al) reduced the aluminium 
content to 1.19 mg/L.  Guida et al. [202] noted that the residual aluminium content in 
water after coagulation/flocculation for removal of total suspended solids (TSS) and 
chemical oxygen demand (COD) was dependent upon pH variations.  In addition, 
these authors noted that the residual aluminium content was significantly lower using 
aluminium chlorohydrate as a coagulant compared to alum, which was in harmony 
with our study.      
 
Fluoride species in CS water were removed to a discernible extent when alum was 
the coagulant [Figure 36], which was in opposition to the situation with ACH 
wherein no notable change in fluoride concentration was evident [Figure 35].  The 
degree of fluoride removal was discovered to be proportionate the amount of alum 
added with a final value of 3 mg/L present after 19.2 mg/L Al addition, which 
equated to 36.2 % removal.  The observed difference in fluoride removal behaviour 
may relate to the outcomes of a study by Gong et al. [214] who compared the 
fluoride removal efficiency of aluminium salt and Al(OH)3 flocs.  It was found that 
with an aluminium salt such as alum, complexation of fluoride ions with aluminium 
species was possible and this was found to be more favourable than sorption of 
fluoride ions on Al(OH)3 flocs.  The fact that only a fraction of the fluoride ions were 
removed from the CS water correlated with the view that neutral or acidic pH values 
promoted fluoride complexation with the aluminium species [214].   
 
Figure 36 also illustrated a potential disadvantage of alum use as a coagulant in that a 
significant increase (up to 108 mg/L) in dissolved sulphate species in the CS water 
was inherently created by the addition of sulphate salts.  Whether this latter 
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observation is a problem in relation to downstream reverse osmosis operations 
depends upon the scaling potential for species such as calcium sulphate [221].  
 
5.3.2 Influence of CS Water Salinity upon Coagulant Performance  
The experiments described in section 5.3.1 revealed that addition of ACH coagulant 
to simulated CS water primarily impacted the concentrations of alkaline earth ions 
and dissolved silicate species.  Therefore, it was of relevance to investigate the 
impact of overall salinity of the CS water to determine if this parameter promoted or 
inhibited the coagulant performance.  In this instance the ratio of the dissolved 
components was maintained at approximately the same value in order to minimize 
the influences of changing water chemistry.  Figure 37 showed that the addition of 
ACH to CS water sample 2 (which was approximately twice as concentrated as CS 
water sample 1), primarily reduced the presence of calcium (44 % removal) and 
silicate (92.9 % removal) species.  A slight reduction in the degree of calcium 
elimination from solution was noted as the coagulant dose rate was raised above 15.1 
mg/L Al (from 44 to 41 %).  Magnesium concentration was decreased by 16 % 
overall which was notably higher than the corresponding value of 8 % when the low 
TDS solution was evaluated [Figure 35].  Barium was diminished by 22 % and 
strontium ions by 16 %, which was in contrast with the data displayed in Figure 35 
which suggested no change in either barium or strontium concentration occurred 
under the applied conditions.        
 
 
 
 
Figure 37: ACH coagulant performance when added to CS water sample 2 
 
Similar to the low TDS sample, the concentration of dissolved silicate was 
significantly impacted by the addition of ACH [Figure 37].  90 % reduction in the 
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silicate quantity was recorded with only 15.1 mg/L Al dosage, which was slightly 
greater than the degree of removal with the low TDS CS water (86 %).  The 
aluminium content in solution increased from 2.0 to 2.6 mg/L at the optimal dose 
rate of 15.1 mg/L Al (in terms of silicate removal) and then decreased to a value of 
1.54 mg/L at the largest ACH dose of 60.5 mg/L. 
 
The ability of alum to reduce the concentration of calcium ions in the CS water was 
not as good as with a comparable dose of ACH (34 and 44 %, respectively).  
Magnesium showed a continual, gradual decrease in concentration with increasing 
alum dose until a final value of 1.76 mg/L which represented a 22 % removal.  
Barium exhibited a 78 % decrease in concentration after 14.3 mg/L Al addition and 
strontium a 50 % reduction.       
 
 
 
 
Figure 38: Alum coagulant performance when added to CS water sample 2 
 
The degree of silicate removal was excellent with 90 % of dissolved species 
extracted by the coagulant.  Notably, the silicate removal efficiency was the same as 
with the low TDS CS water solution.  Latour et al. [207] found a similar plateau in 
silica removal when using five aluminium based coagulants for wastewater 
treatment.      
  
The behaviour of the residual aluminium present after coagulant addition differed in 
the case of alum relative to ACH [Figure 38].  In contrast to ACH the aluminium 
present in the CS water actually decreased as coagulant was added (5.1 to 2.5 mg/L) 
before finally increasing to 6.2 mg/L.  Alum has been identified previously as having 
a propensity to contaminate treated waters with residual aluminium [222].  It should 
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be emphasised that sulphate species again increased directly with the amount of alum 
dosed to a final value of 103.9 mg/L (data not shown for sake of brevity).  Both 
aluminium and sulphate species in the treated CS water may be problematic in terms 
of reverse osmosis membrane performance.  For example, aluminium carryover can 
result in RO membrane fouling within 500 h of operation [223] and may necessitate 
membrane cleaning with a suitable chelating agent such as citric acid.  Dissolved 
aluminium has been proposed to react with dissolved silica species to form clay 
materials which subsequently foul the reverse osmosis membranes [222].  Sulphate 
ions are known to react with alkaline earth ions such as calcium to form gypsum 
(CaSO4) deposits which reduce the membrane permeability [224].      
 
The CS water concentration was further increased to approximately 4 times that of 
CS water sample 1 (CS water sample 3).  The increasing salinity of the CS water 
appeared to enhance the removal percentage of calcium ions when ACH was dosed 
[Figure 39].  After 15.1 mg/L Al was added, the calcium concentration was 4.92 
mg/L which indicated a 65 % removal efficiency.          
 
 
 
 
Figure 39: ACH coagulant performance when added to CS water sample 3 
 
Increasing the salinity of the simulated CS water sample [Figure 40] further 
enhanced alum performance as the removal of silicate species was 94.2 %, calcium 
was 44 %, barium was 87 % and strontium was 66 %.  Magnesium ion removal was 
the only species whose removal was not promoted by the additional water salinity 
(16 %).  Aluminium concentrations peaked at 4.76 mg/L after 9.6 mg/L Al addition 
and then decreased to 2.28 mg/L following 19.2 mg/L Al dosage which was 
marginally higher than the starting concentration of 2.04 mg/L Al.   
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Figure 40: Alum coagulant performance when added to CS water sample 3 
 
Figure 41 summarizes the impact of varying salinity of the CS water upon coagulant 
performance for a fixed ratio of dissolved species.  Overall, it can be deduced that 
alum is a more effective coagulant than ACH for the simulated CS water samples 
studied. 
 
 
ACH 
 
Alum 
 
Figure 41: Summary of maximum removal rates of alkaline earth ions and dissolved 
silicate as a function of CS water salinity for ACH and alum addition 
 
The reason for the enhanced removal performance of the coagulants as a function of 
total dissolved solids concentration has to be proposed.  Cationic demand of the 
solution is one factor which influences coagulant efficiency and relationships 
between increasing cation demand and improved coagulant performance have been 
described which support the results in Figure 41 [210].  In the case of alum, it 
appeared that magnesium ions may be removed from solution by a different 
mechanism than the other species displayed in Figure 41.  With charge neutralization 
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processes there is usually a point at which a maximum removal efficiency occurs and 
beyond that the degree of contaminant removal diminishes [210].  With ACH 
addition a similar situation may have been responsible for the reduction in strontium, 
barium and magnesium ion removal at the highest TDS values.  Miranda et al. [225] 
postulated that sweep flocculation was the main process responsible for silica 
removal from paper mill effluent and increasing aluminium dosage and increasing 
pH promoted the degree of silica removal. 
 
5.3.3 Effect of Variable Coal Seam Water Composition upon Coagulant 
Performance 
It is documented that the composition of coal seam water varies remarkably [5, 31], 
hence it is pertinent to examine the impact of changing ratios of common ions found 
in the aforementioned water type upon coagulant efficiency.  Figure 42 illustrates the 
effectiveness of ACH when dosed to CS water samples 4-6.   
 
For all three CS water types studied the extent of magnesium, strontium and barium 
ion removal was negligible.  Calcium ions were not removed from CS water sample 
4 but marginally removed from CS water sample 5 (12 %) and CS water sample 6 (8 
%).  The total dissolved solids (TDS) values for the CS water samples cannot be 
credited as a viable reason to explain the minimal removal of alkaline earth ions as 
CS water sample 3 had similar TDS but much higher efficiency for calcium 
especially.  Floc characteristics are known to change depending on solution physical 
parameters [226], hence it would not be unreasonable to assume that floc formation 
was dependent upon the CS water composition.  This result provides scope for future 
research to enhance the performance of aluminium based coagulants by tailoring floc 
structure and surface chemistry.            
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CS Water Sample 4 
  
CS Water Sample 5 
 
 
CS Water Sample 6 
 
 
 
Figure 42: ACH coagulant performance when added to CS water samples 4, 5 & 6 
 
In terms of dissolved silica removal, the composition of the CS water was 
demonstrated to be influential.  In each case shown in Figure 42 a dose rate of 15.1 
mg/L was sufficient to reduce the presence of the majority of silica present.  
Nevertheless, with CS water sample 5 it was apparent that the effectiveness of the 
coagulant was reduced relative to the other two water types studied as in this case the 
maximum silica removal was only 66 %.  Inspection of the initial water compositions 
did not reveal an obvious reason for the inhibition of silica removal.  For example, 
alkaline earth ions such as calcium ions may play a role in the silica removal 
mechanism by formation of calcium or magnesium silicates [41].  However, in 
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samples 5 & 6 the calcium and magnesium concentrations are similar but the silica 
removal efficiency is disparate.  The dominant alkaline earth ion for CS water 
sample 4 was magnesium, yet the degree of silicate removal was still excellent (94 
%).  At the solution pH range for the CS water samples in Figure 42(7.78 to 8.19) 
Sanciolo et al. [41] that silica, calcium and magnesium ion concentrations were 
relatively stable which was in accord with our data.  Hence, we inferred that 
formation of aluminosilicate species is inhibited when using CS water 5 albeit there 
is uncertainty as to the mechanism by which this occurs.             
 
Figure 43 shows the behaviour of alum when dosed to CS water samples 4-6.  
Invariably, barium ions were removed by the addition of alum (indeed they were the 
most favoured of the alkaline earth ions present), albeit the degree of removal with 
aluminium dose was dependent upon CS water composition.  Maximum reductions 
in barium content were 75, 92 and 96 % for CS water samples, 4, 5 & 6, respectively.  
Magnesium was the most recalcitrant species with 7.5, 9.7 and 12 % removal from 
CS water samples 4, 5 & 6, respectively.  Calcium was also difficult to remove from 
the CS water samples with 17.4, 12.8 and 12.8 % removal from CS water samples 4, 
5 & 6, respectively.  Strontium was slightly easier to remove than either magnesium 
or calcium at 18.3, 16.9 and 19 % efficiency for CS water samples, 4, 5 & 6, 
respectively.  Evidently, aluminium salts appeared to be not only more effective that 
pre-hydrolyzed aluminium coagulants such as ACH [c.f. Figures 42 & 43] for 
removal of alkaline earth ions from CS water but also less dependent upon CS water 
compositional changes.   
      
Extensive dissolved silica removal was observed for all three CS water types [Figure 
43], namely 92.9, 93.2 and 93.4 % for CS water samples, 4, 5 & 6, respectively.  The 
ratio of ions present in the CS water did not markedly influence the removal 
mechanism for silicate species.  Presumably the formation of aluminosilicates readily 
occurred in accord with the study by Duan and Gregory [227] which examined the 
ability of alum to remove dissolved silica species from aqueous solution.  Common 
to these CS water samples with varying ratio of dissolved ions was the occurrence of 
residual aluminium which was consistent with previous data reported in this study 
[Figure 36].  
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Figure 43: Alum coagulant performance when added to CS water samples 4, 5 & 6 
 
5.3.4 Coagulant Addition to Actual Coal Seam Water Samples 
Figure 44 shows the changes in the pH of the real CS water sample as the dose of 
ACH was increased.  The solution pH decreased from an initial value of 8.94 to 8.69 
until 30.2 mg/L of Al was dosed, after which point, the pH climbed sharply back up 
to 8.95 after a dose of 45.3 mg/L of Al and eventually reached 9 when 60.5 mg/L of 
Al was added.  Then the solution pH followed a decreasing trend as more ACH was 
added until it reached 8.68.  The solution conductivity of the CS water paralleled the 
pH behaviour.  Overall, the pH and conductivity profiles were similar to the 
comparable simulated CS water sample [Figure 35].  In harmony, the distribution of 
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carbonate and bicarbonate species in the CS water followed the solution pH data with 
less carbonate and more bicarbonate species present when the pH was lowered and 
vice versa when the pH increased.       
 
  
  
  
  
 
Figure 44: ACH coagulant performance when added to real CS water sample 
 
According to Figure 44, CS water treatment with ACH was unable to notably remove 
any of the singularly charged ions such as sodium, potassium, and chloride (indeed 
chloride concentration in solution rose from 603 to 645 mg/L as more ACH was 
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added).  ACH appeared to be effective in removing turbidity from the CS water, with 
a rapid decrease in value after 45.3 mg/L Al was added.  Ultimately, the highest 
turbidity removal was 93.7 % at a dose rate of 75.6 mg/L Al.  The observed trend in 
suspended solids concentration followed the decrease in turbidity thus indicating that 
turbidity primarily correlated with the presence of suspended solids in the CS water 
sample.  There was a linear dependence upon aluminium dose rate and mass of floc 
formed [Figure 44] which suggested that the main phenomena occurring was the 
growth of aluminium hydroxide flocs.     
 
Figure 44 also showed the impact of ACH addition upon the alkaline earth 
concentrations in the CS water.  The calcium concentration generally decreased with 
increasing alum dosage from 2.92 to 1.42 mg/L following 105.8 mg/L coagulant 
addition (51.4 % reduction).  The magnitude of the calcium reduction was 
significantly higher than the comparable test using a simulated CS solution [Figure 
35], albeit the dosage of ACH used was substantially greater.  In light of the last 
comment, increasing ACH addition above 15.1 mg/L Al for the simulated solution 
did not enhance the removal rate of calcium ions whereas with the real CS water 
sample the higher dose rates of ACH were beneficial.  The influence of dissolved 
organic carbon present in the real CS water sample may be responsible for the 
observed differences [228].  A gradual downward trend in the degree of magnesium 
removal with addition of ACH was observed with the highest removal being 28 %.  
Like calcium, magnesium ions were removed to a greater extent from the real CS 
water albeit at higher coagulant dose rates.  Both strontium and barium 
concentrations decreased from initial values of 0.45 & 0.17 mg/L to 0.28 & 0.06 
mg/L after dosing 105.8 mg/L of Al, respectively.  Notably, the simulated CS water 
[Figure 35] did not show any significant removal of barium or strontium, yet with the 
real CS water barium exhibited the highest removal among the alkaline earth species 
when ACH was added as coagulant.    
 
The major difference between ACH application to simulated and real CS water was 
the behaviour of dissolved silicate species [Figure 44].  Although the amount of 
silicate present in solution generally decreased as the dose of ACH was increased, 
the degree of silicate removal was considerably less than with the equivalent 
simulated solution (CS water sample 1) [Figure 35].  Silica concentration in CS 
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water decreased from 10.52 mg/L to 5.26 mg/l (50% reduction) when 75.6 mg/L of 
ACH was added, and increasing dosage actually intensified the amount of silica in 
solution.  The dose rates of ACH required to achieve the reduction in silica content 
were also substantially greater than those employed with simulated solutions.  Latour 
et al. [210] also reported that relatively large doses of aluminium coagulants (up to 
2500 mg/L) were required to remove silicate moieties from newsprint mill effluent.  
Similarly, Miranda et al. [225] found that high doses of aluminium coagulants were 
required to remove silica species when the water contained species which caused 
high chemical and biological oxygen demand, turbidity, and the presence of 
suspended solids.  As outlined by Hermosilla et al. [228] dissolved silica can react 
with a range of dissolved organic species, thus this process could inhibit the ability to 
form the aluminosilicate phases which are thought to be primarily responsible for 
silica removal from solution.            
 
Iron was removed from the CS water as the addition of ACH increased.  By 75.6 
mg/L Al dosed the iron content of the CS water was zero.  Aluminium remained low 
throughout the test and was typically less than 0.1 mg/L, which was in accord with 
the evidence that ACH does not promote the formation of residual aluminium species 
in the treated CS water.  Boron was stable at 0.88 mg/L (±4.5 %) for the entire test 
using ACH and real CS water.  Fluoride was relatively unaffected and the biggest 
reduction in concentration equated to only 6 % removal which was minimally greater 
than the estimated error in measurement.  This latter result was in harmony with the 
simulated water sample [Figure 35] wherein it was suggested that the alkaline pH 
and high basicity of the ACH were not conducive to fluoride removal.  Bromide was 
not changed in concentration by the coagulation process.  According to Ge and Zhu 
[229], the removal of bromide species by coagulation was determined by its 
concentration and presence of other anions in solution.  As the bromide concentration 
decreased the removal efficiency using aluminium chloride coagulant, increased 
substantially.  These latter authors also found that the best removal of bromide 
occurred at pH 6, and when the pH was too high or too low the removal efficiency 
was detrimentally impacted.  Ge and Zhu [229] also discovered that HCO3-, Cl-, 
SO42- and NO3- ions all had a negative effect upon bromide removal from solution.  
Bicarbonate and chloride ions were particularly of high concentration relative to the 
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small amount of bromide detected in CS water, hence explaining why they were 
difficult to remove.   
 
Dissolved organic carbon (DOC) was not only present in the real CS water (in 
contrast to the simulated solutions) but also was partially removed by ACH addition.  
Figure 44 revealed that DOC was steadily reduced from 6.4 to 2.12 mg/L when 60.5 
mg/L Al was added and then was only slightly diminished to 1.77 mg/L after 105.8 
mg/L Al dosage.  The identity of the organic species present in CS water is variable.  
For example, Dahm et al. [140] reported the water quality from coal bed methane 
operations in the Rocky mountain region of the USA.  BTEX chemicals were 
primarily analyzed and the amount present varied from not being detectable to 500 
μg/L, depending upon which basin the water was sampled from.  Orem et al. [230] 
specifically characterized organic chemicals in coal seam water derived from the 
Powder River Basin area of the USA.  A wide range of organic materials were found 
with typical concentrations in the μg/L range including: polycyclic aromatic 
hydrocarbons; heterocyclic compounds; aromatic amines; phenols; and, various 
aromatics and non-aromatics.  Orem et al. [231] extended their original investigation 
to a greater number of coal seam gas producing basins in the USA and found a 
similar pattern of organic compounds and noted that the total quantity of organic 
materials present in the CS water was normally 1 to 4.5 mg/L.  The recorded value of 
6.4 mg/L DOC in this study was comparable in magnitude to the USA studies.  The 
vast range of possible organic sources in the CS water made it difficult to identify 
distinct relationships between coagulation efficiency and one particular organic 
compound.               
 
As noted with the simulated CS water sample [Figure 35], sulphate ions appeared to 
increase in concentration with larger dose rates of ACH.  This observation was again 
consistent with the supposition that the ACH contained a small amount of sulphate 
impurity.   
 
Figure 45 illustrated the relationship between the pH of the CS water as a function of 
alum added.  Similar to the simulated CS water [Figure 36] the solution pH gradually 
decreased from an initial value of 8.94 to 8.23 when 12 mg/L Al was added.  From 
that point onwards, further dosing of the coagulant did not appear to impact the pH 
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significantly.  Inspection of the corresponding conductivity data for the CS water 
dosed with alum [Figure 45] revealed a more complex relationsip.  Up until an alum 
dose of 7.2 mg/L Al the solution conducitivity decreased slightly from 3460 to 3240 
mS/cm.  Once 100 mg/L Al was added to the CS water the solution conducitivty 
spiked at a value of 3440 mS/cm and then proceeded to rapdily decrease to 3160 
mS/cm.  Further alum addition gradually raised the solution conductivity again.  
Addition of alum inherently can increase solution conductivity and hence may be at 
least partially responsible for the increase observed.  Tests of solution alkalinity as a 
function of alum dosage [Figure 45] revealed a similar pattern to the case when alum 
was added to the simulated CS water sample 1 [Figure 36].  The carbonate alkalinity 
steadily decreased as alum was added due to interaction with the generated protons in 
solution until a final value of 13 mg/L.  The bicarbonate alkalinity initially increased 
as carbonate ions reacted with protons and then decreased as they in turn reacted 
with the protons from the addition of alum.   
 
Alum appeared to be relatively effective in removing turbidity from the CS water, 
with the highest removal rate being 64 % at a dose rate of 19.1 mg/L Al.  Similarly, 
alum addition also decreased the apparent colour of the CS water, with 53 % removal 
recorded at the latter dose rate (not shown for sake of brevity).  
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Figure 45: Alum coagulant performance when added to real CS water sample 
 
On the other hand, true colour was completely removed by alum at dose rate of 12 
mg/L Al, albeit as the dose rate increased further the true colour increased slightly to 
5 Pt-Co units, perhaps suggesting over dosing of the system [204] (not shown for 
sake of brevity).  The measured UV254 absorbance also followed a decreasing trend 
as the dose of alum increased, with the degree of reduction ca. 54 % at a dose of 19.1 
mg/L Al (not shown for sake of brevity).  The turbidity, colour and UV254 data was 
consistent with the deduction that organic species contaminated the real CS water 
samples and that alum removed a portion of these latter moieties.  In harmony with 
the latter conclusion, dissolved organic carbon decreased from 6.4 to 3.0 mg/L when 
14.4 mg/L Al was added and after that point slightly increased in value.  Dialynas et 
al. [232] reported that alum removed up to 42 % DOC from an RO concentrate and 
as discussed above for the comparable test wherein ACH was dosed to the real CS 
water, the removal rate recorded was highly dependent upon the identity of the 
organics present.  This latter supposition was in agreement with the views of Chow et 
al. [233] who also concluded that the removal of DOC with inorganic coagulants was 
related to the character of the organics involved and the coagulant pH.    In fact, these 
latter authors highlighted that there was a fraction of the DOC component which was 
difficult to remove regardless of dose rate and coagulation pH, which we also 
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observed in this study.  The behaviour of the suspended solids upon addition of alum 
requires explanation.  First, due to the issues with sampling CS water from large 
storage vessels variations in suspended solids content were found.  Figure 45 shows a 
substantially lower suspended solids content relative to the sample taken from the 
same vessel shown in Figure 44.  It is postulated that settling of particulate matter 
such as clay material may have occurred and that the remaining matter may have 
been organic in nature.  This latter view was consistent with the limited removal of 
organic species recorded and the relatively low (<20 %) reduction in suspended 
solids present.  Closer inspection of both Figures 44 & 45 revealed that the total 
suspended solids content after addition of both coagulants was ultimately similar, it 
was only the overall percentage reduction from the initial solution which varied.       
 
According to the data shown in Figure 45, CS water treatment with alum was unable 
to induce any notable change in the concentration of the singularly charged ions, 
sodium, potassium and chloride.  Gabelich et al. [220] similarly reported that 
chloride ions were not removed when up to 8 mg/L of alum was used in the pre-
treatment of Colorado River water/California State Project water.  Likewise, Gäfvert 
et al. [234] in their study of the removal of radionuclides at a waterworks, reported 
that up to 40 mg/L of alum was unable to remove any potassium from the surface 
water of Lake Bolmen in Denmark. 
 
Barium was again practically eliminated from the actual coal seam water sample by 
addition of alum (82 % removal and a final concentration of 0.03 mg/L).  33 % of 
calcium ions were removed at an optimal alum dose of 14.4 mg/L Al.  Magnesium 
ions were scarcely removed (12 % reduction) and strontium ions were 59.5 % 
removed by 19.1 mg/L Al addition albeit the removal percentage fluctuated 
depending upon alum dose administered.  As in the case with ACH addition to real 
CS water, dissolved silica removal was again impeded [Figure 45] relative to the 
situation with simulated CS water [Figure 36].  The silica concentration decreased 
from 10.51 to 6.02 mg/L (ca. 43 % reduction) after 14.4 mg/L Al addition.  Beyond 
the optimal dose rate, silica concentration did not reduce any further, instead it 
increased slightly.  Optimal removal rates were similar to those reported by Chuang 
et al. [235] who found 43.9% removal of colloidal silica with dose of 150 mg/L of 
alum from water from an industrial park.   
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Alternatively, dissolved iron species appeared to rapidly disappear from solution 
when alum was applied.  Boron was not removed by the addition of aluminium 
sulphate to the CS water.  Residual aluminium in the CS water displayed a profile 
where the concentration rose to a value of 4.1 mg/L after 7.2 mg/L Al was added and 
then decreased to a final concentration of 1.6 mg/L after 19.1 mg/L Al dosage.  The 
trend with real CS water paralleled that observed with the simulated CS water 
samples [Figures 36, 38, 40 & 43] and confirmed the potential for alum to promote 
relatively high residual aluminium content in wastewater after the coagulation 
process [126]. 
 
The sulphate concentration rose from only 2.94 mg/L in the fresh CS water sample to 
80.48 mg/L as the dosage of alum increased as expected due to the salt addition.  
Concomitantly, bromide concentration decreased 20 %, from an initial value of 2.42 
to 1.93 mg/L when 4.8 mg/L Al was added.  Further increase in the alum dosage 
appeared to have minimal impact upon bromide removal efficiency.  The fluoride 
concentration seemed to be relatively unaffected by the dosing of aluminium 
sulphate with only minor changes in concentration identified.   
 
It was of interest to examine the nature of the flocs formed from both alum and 
aluminium chlorohydrate to determine possible reasons as to the different behaviour 
of these coagulants  
 
 
 
 
ACH 
 
Alum 
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Figure 46: Light microscopy image of ACH and alum flocs when treating actual CS 
water samples: Magnification 50 X 
 
XRD patterns for the aluminium based flocs [Figure 47] confirmed that the flocs 
were mainly amorphous in character and thus it was difficult to derive pertinent 
information relating structural composition and coagulation performance. 
 
Figure 47: XRD diffraction patterns of dried floc samples from aluminium 
coagulants 
 
 
5.4 CONCLUSIONS 
The hypothesis that aluminium coagulants may be able to remove dissolved species 
from coal seam water samples has been tested in this study.  Dissolved silica species 
were the major species removed when testing coagulant performance with simulated 
CS water samples.  Alkaline earth ions were also removed and the degree of removal 
was dependent upon the overall total dissolved solids content of the CS water sample 
and the solution composition.  Overall, alum was preferred as a coagulant in terms of 
efficiency in treating simulated CS water, albeit it had the drawbacks of adding 
significant amounts of sulphate ions to solution and also generated various levels of 
residual aluminium.      
 
A key finding was the discrepancy between simulated and actual CS water samples.  
It was apparent that the presence of dissolved organic carbon which was not present 
in the simulated CS water samples may have strongly inhibited the removal of silica 
in particular and also induced the requirement for greater quantities of coagulant 
addition in the case of ACH.  Future research should focus on understanding the 
influence of organic species on the coagulation behaviour of aluminium based 
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materials in relation to silica and alkaline earth ions whose elimination is desirable in 
relation to protecting downstream reverse osmosis membranes and equipment.  In 
addition, more detailed analysis of the floc characteristics may be useful in order to 
discern reasons for the susceptibility of removal rates to variances in CS water 
composition.     
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Chapter 6: Applicability of Iron Based 
Coagulants for Pre-
Treatment of Coal Seam 
Water 
 
Pre-treatment of coal seam water produced from coal seam gas operations 
 is required in order to minimise fouling of downstream membranes and 
equipment.  Minimal information exists regarding the performance of iron 
based coagulants for clarification of coal seam (CS) water.  Therefore we 
studied the behaviour of ferric chloride and ferric sulphate with both simulated 
and actual coal seam water.  Dissolved silica was the major species eliminated 
by either coagulant with >80% removal observed for simulated coal seam 
water.  Alkaline earth concentrations were also impacted with barium ions 
highly favoured, in contrast to magnesium which was scarcely removed.  
Salinity of the CS water sample influenced the ability of the coagulants to 
reduce silica quantities in solution which may be due to differences in floc 
structure and the cation demand of the solution.  Varying the simulate CS water 
composition revealed that the degree of silica removal could be promoted albeit 
it was not clear that this outcome was related to the presence of a particular 
species in solution.  Use of real CS water resulted in inhibition of the silica 
removal mechanism which was ascribed to the presence of organic materials 
and turbidity causing entities not accounted for in simulated solutions.  Residual 
iron levels also seemed to increase when real CS water was tested and with 
ferric sulphate the issue of contamination of treated water with sulphate species 
arose, an issue which may impact downstream membrane fouling.  Future 
research should focus on why CS water composition effects the removal of 
dissolved alkaline earth ions and silicate species.  In addition, understanding the 
means by which organic materials can prevent removal of silica may reveal 
means to negate this effect.               
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6.1 INTRODUCTION 
  Coal seam water is normally desalinated by means of either reverse osmosis [8] or 
ion exchange [6].  When using reverse osmosis of particular concern is the 
susceptibility of the membranes to fouling by species such as algae [236], dissolved 
organics [237], silica [238] and alkaline earth ions [188, 239].  As the latter 
contaminants can all be present in coal seam water samples [5], there is a need to 
employ pre-treatment strategies prior to the central membrane desalination stage.   
 
A range of pre-treatment methods can in theory be employed to protect reverse 
osmosis membranes.  Generically, both coarse and fine filtration/purification stages 
are required which may include lime softening [240], coagulation [241], 
nanofiltration [242], ion exchange softening [187], ultrafiltration [243] and anti-
scalant addition [244].  Chun et al. [245] reported the application of forward osmosis 
prior to a reverse osmosis membrane for coal seam water treatment.  It was found 
that alkaline earth ions and silica could be effectively removed.  The performance of 
a weak acid cation resin for softening of calcium containing solutions in relation to 
coal seam water treatment has also been discussed [188].  Calcium ions were 
substantially favoured by the resin exchange sites and under conditions of high 
driving force the super equivalent ion exchange phenomenon was observed.  Nghiem 
et al. [246] used a pilot plant containing an ultrafiltration system prior to the reverse 
osmosis unit and found that coal seam water could be acceptably purified with 
minimal sign of fouling of the membranes and a stable flux of ca. 34 L/m2/h 
recorded for a period of 6 days operation.     
 
Coagulation as indicated above is a key unit operation as it can be included in 
sedimentation [247], dissolved air flotation [248], and microsand ballasted 
flocculation [249] approaches.   Iron based coagulants such as ferric chloride and 
ferric sulphate are commonly used to treat various water, wastewater and 
groundwater samples.  El Samrani et al. [250] used ferric chloride as a coagulant to 
clarify municipal sewage effluent.  A key finding was that the dose rate of the iron 
based coagulant impacted the type of hydrolysed species created in solution.  Duan et 
al. [251] also evaluated the behaviour of ferric chloride as a coagulant used prior to a 
seawater membrane desalination stage.  Solution pH, coagulant dose, salinity and 
humic acid concertation were all determined to influence the coagulant efficiency.  
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Vilgé-Ritter et al. [252] examined the effect of pH and character of natural organic 
matter (NOM) present upon the removal mechanism for NOM.  Interestingly, 
varying the pH did not change the mode of interaction between the iron species and 
NOM (which was by complexation) but did modify the structure of the aggregates 
formed.  Umar et al. [253] compared ferric sulphate and ferric chloride coagulants 
with aluminium based materials for treatment of reverse osmosis brine from a 
wastewater treatment plant.  Iron based coagulants were superior to either alum of 
aluminium chlorohydrate and this was attributed to a combination of larger floc size, 
lower floc solubility and higher capacity for sorption of organic contaminants.               
 
It is apparent from the latter discussion that the effectiveness of iron coagulants is 
highly dependent upon solution composition and properties.  Moreover, although 
there is significant knowledge of traditional wastewater solutions there are no 
published studies that we are aware of relating to coal seam water extracted by the 
coal seam gas industry.  Therefore, the main aim of this study was to test the 
hypothesis that iron coagulants may be able to remove dissolved ions from a range of 
coal seam water samples.  Of particular interest was discovery of: which dissolved 
species could be removed and to what extent; what the differences in performance 
were between ferric sulphate and ferric chloride; how solution salinity influenced 
coagulant efficiency; and, what was the impact of changing solution composition.  
Jar tests were completed in order to answer the latter questions and importantly a 
range of simulate coal seam water samples were compared to an actual coal seam 
water sample collected from an operating coal seam gas well.         
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6.2 MATERIALS AND METHODS 
6.2.1 Coagulants and Chemicals 
The properties of the iron based coagulants used in this investigation are presented in 
Tables 14 & 15. 
 
Table 14: Characteristics of ferric sulphate coagulant 
Identity Ferric Sulphate  
Supplier Omega Chemicals  
Formula Fe2(SO4)3  
Specific Gravity 1.5 g/mL 
Fe2(SO4)3 content per L of ferric sulphate solution 43.00 w/w% 
Mass of Fe2(SO4)3 per L of ferric sulphate solution 645.00 g/L 
Mass of Fe per L of  ferric sulphate solution 180.16 g/L 
Fe content per L of ferric sulphate solution 12.010 % 
Mass of Fe2O3 per L of ferric sulphate solution 257.576 g/L 
Fe2O3 content per L of ferric sulphate solution 17.172 % 
 
Table 15: Characteristics of ferric chloride coagulant 
Identity Ferric Chloride  
Supplier Omega Chemicals  
Formula FeCl3  
Specific Gravity 1.45 g/mL 
FeCl3 content per L of ferric chloride solution 42.00 w/w% 
Mass of FeCl3 per L of ferric chloride solution 609.00 g/L 
Mass of Fe per L of  ferric chloride solution 209.67 g/L 
Fe content per L of ferric chloride solution 14.460 % 
Mass of Fe2O3 per L of ferric chloride solution 299.777 g/L 
Fe2O3 content per L of ferric chloride solution 20.674 % 
 
 
Simulated CS water samples were prepared by dissolving appropriate quantities of 
salts in purified water.    
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Table 16: Initial composition of the simulated coal seam water (same ratio of 
dissolved components) 
 Value  
Species Sample 1 Sample 2 Sample 3 Units 
Sodium 742.30 1426 2816.8 mg/L 
Potassium 41.22 85.6 161.2 mg/L 
Calcium 3.38 7.42 14.2 mg/L 
Aluminium 0.58 2.04 5.10 mg/L 
Magnesium 1.13 2.26 3.76 mg/L 
Barium 0.20 0.36 0.60 mg/L 
Strontium 0.48 1.00 1.56 mg/L 
Iron 0.01   mg/L 
Dissolved silica 4.88 15.50 37.8 mg/L 
Boron 1.09 2.40 4.48 mg/L 
Chloride 590.9   mg/L 
Fluoride 4.70   mg/L 
Sulphate 8.94 15.66 31.92 mg/L 
Bicarbonate 862   mg/L 
Carbonate 71   mg/L 
Solution pH 8.84    
Solution 
conductivity 
2920   µS/cm 
 
6.2.2 Jar Testing 
Jar tests were completed using a 3G Platypus Jar Tester supplied by Aquagenics, 
Sydney.  This apparatus consisted of up to 4, stirred polycarbonate 2 litre vessels 
which were equipped with a range of paddle options.  Rapid mixing (flash mixing) 
was required to ensure the coagulant is mixed into the water as quickly and 
efficiently as possible.  Initial jar tests targeted a G value for initial mixing of 500 
sec-1 and a mixing time of 1 minute.  Paddle speed required to obtain the desired G 
value was determined based on the jar test manufacturer’s curves.  Flocculation was 
achieved by a mixing intensity of 75 sec-1 for 10 minutes.  Finally, the floc sample 
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was allowed to settle for a period of 20 minutes upon which time the water was 
separated from the floc material. 
 
Table 17: Initial composition of the simulated coal seam water (varying ratio of 
dissolved components) 
 Value  
Species Sample 4 Sample 5 Sample 6 Units 
Sodium 3624 2734 2458.5 mg/L 
Potassium 107.8 24.62 20.22 mg/L 
Calcium 11.3 76.14 108.7 mg/L 
Magnesium 35.12 36.36 38.00 mg/L 
Barium 9.68 13.76 22.75 mg/L 
Strontium 13.34 16.74 20.8 mg/L 
Dissolved silica 10.98 9.00 13.63 mg/L 
Aluminium 0.16 0.40 0.32 mg/L 
Iron 0.02 0.04 0.02 mg/L 
Sulphate 38.46 12.36 12.83 mg/L 
Solution pH 8.17 8.19 7.78  
Solution 
conductivity 
15300 13390 12220 µS/cm 
 
6.2.3 Water Analysis  
Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) 
A PerkinElmer Optima 8300 DV Inducted Coupled Plasma - Optical Emission 
Spectrometer was employed to analyse the majority of ions in solution.  70 % nitric 
acid which was purified by a Savillex DST-1000 distillation unit was used to lower 
sample pH to 2 prior to analysis.  The ICP-OES was calibrated by preparing multi-
element standards (Australian Chemical Reagents).   
 
Ion chromatography (IC) 
Anions such as chloride were analysed by a Dionex 2100 –RFIC ion chromatography 
unit.  Before samples were analysed they were pre-filtered with a Dionex OnGuard II 
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Na column to remove Al.  Appropriate standards were prepared using analytical 
grade salts which were oven dried at 150 oC.   
 
Apparent colour/True colour 
A Hach DR 5000 UV-VIS spectrophotometer was used to measure Apparent and 
True colour.  Hach method 8025 “Colour, True and Apparent, Low Range” was used 
to analyse samples and values were quoted in Pt-Co unit.  The True colour 
measurements are taken after filtering the samples through a 0.45 micron filter.   
 
UV254 nm Absorbance 
Organic Constituents UV absorbing species were detected using a Hach DR5000 
UV-VIS spectrophotometer with Hach test method 10054.  A 1 cm cell was used as 
sample holder.   
 
Turbidity 
Turbidity measurements were taken using a Hach 2011Q portable turbidity meter.  
The meter was calibrated with a variety of turbidity standards prior to use.   
 
Total suspended solids (TSS) 
Advantec GB – 140 glass filter paper was used for TSS measurements.  Aqueous 
samples were first filtered through the filter paper then dried in the oven for at least 
an hour at 120° C.  The sample was then removed from the oven and cooled to room 
temperature before accurately weighing.  The sample was then put back to the oven 
till the difference in consecutive weights are less than 0.5 mg.   
 
pH/conductivity 
TPS pH and conductivity meters were used to take all pH and conductivity readings.  
The pH meter was calibrated with pH 7.00 and pH 4.01 buffer solution supplied by 
TPS.  The conductivity meter was calibrated in air and with the conductivity standard 
of 2.76 mS/cm.  Supplied by TPS.   
 
 122 Chapter 6: Applicability of Iron Based Coagulants for Pre-Treatment of Coal Seam Water 
6.2.4 Coal Seam Gas Water 
The coal seam gas water used in this study was obtained from a coal seam gas 
operation in the Surat Basin.  The initial composition of the CS water is listed in 
Table 18.  
 
Table 18: Initial composition of the coal seam water 
Species Concentration Units 
Sodium 779 mg/L 
Potassium 23.9 mg/L 
Calcium 2.92 mg/L 
Aluminium 0.045 mg/L 
Magnesium 0.82 mg/L 
Barium 0.17 mg/L 
Strontium 1.06 mg/L 
Iron 0.47 mg/L 
Dissolved silica 10.5 mg/L 
Boron 0.92 mg/L 
Chloride 603 mg/L 
Bromide 2.42 mg/L 
Fluoride 5.69 mg/L 
Bicarbonate 792 mg/L 
Carbonate 138 mg/L 
Sulphate 2.94 mg/L 
Solution pH 8.94  
Solution conductivity 3460 µS/cm 
Turbidity 8.62 NTU 
True colour 8 Pt – Co 
Apparent colour 56 Pt – Co 
Total suspended solids 14.2 mg/L 
Dissolved Organic carbon 
(DOC) 
6.2 mg/L 
UV254 0.121 Absorbance units 
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6.3 RESULTS AND DISCUSSION 
6.3.1 Comparison of Ferric Sulphate and Ferric Chloride Coagulants 
Performance with Simulated CS Water 
A distinct decline in the CS water pH was apparent when increasing amounts of iron 
sulphate were added [Figure 48].  Iron sulphate is an acidic salt and thus it would be 
expected to neutralize alkalinity in the sample.  The plateau observed at ca. 8.3 is 
equivalent to the phenolphthalein alkalinity end point commonly employed when 
measuring the alkalinity of a solution.  This latter value corresponds to the 
conversion of carbonate to bicarbonate species, and this observation was 
substantiated by the behaviour of the carbonate and bicarbonate species in the CS 
water sample.  A dose of 4.1 mg/L Fe decreased the concentration of carbonate 
species and correspondingly the bicarbonate concentration was increased.  
Subsequently, bicarbonate concentrations were in turn diminished as they were 
decomposed by the action of the acidic species according to the following 
explanation.  When added to water the ferric sulphate undergoes the following 
reaction [Equation 37]. 
 
Equation 37  Fe2(SO4)3. 9H2O → 2 Fe3+ + 3 SO42− + 9 H2O 
→ 2 Fe(OH)3 + 6H+ + 3 SO42− + 3 H2O 
 
As can be seen from Equations 38 & 39, the generated acid then reacts with 
carbonate and subsequently bicarbonate species.  
 
Equation 38  CO 32−(aq) +  H+(aq)  ↔  HCO 3−(aq) 
 
Equation 39  HCO 3−(aq) + H+(aq)  ↔  H2CO3 (aq) 
 
Solution conductivity initially exhibited a slight decrease from 2920 to 2810 mS/cm 
and after 10.2 mg/L Fe addition the conductivity significantly increased in contrast to 
the pH which decreased.  The increased presence of ferric sulphate salt and the 
generated protons (more correctly hydronium ions) would be expected to enhance the 
solution conductivity. 
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Figure 48: Ferric sulphate coagulant performance with coal seam water sample 1 
 
The concentration of the singularly charged sodium, potassium and chloride ions 
remained relatively stable during the experiments with ferric sulphate [Figure 48].  
The magnitude of the error in readings was estimated from the variation in boron 
concentration as this was unaffected by the coagulation process.  In this experiment 
the boron values ranged by ±3.6 % and thus any changes observed for other species 
in solution were not regarded as relevant unless they exceeded the latter value.  The 
coagulation process impacted the concentration of the alkaline earth ions in CS water 
sample 1.  The most dramatic reduction in concentration was recorded for barium 
ions which were initially present at 0.2 mg/L and decreased to 0.06 mg/L following 
addition of 20.4 mg/L Fe (70 % reduction).  Strontium also was eliminated to a 
reasonable extent (29.2 %) using the latter coagulant dosage.  Magnesium and 
calcium ions proved more difficult to remove from the CS water sample by the 
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application of ferric sulphate coagulant.  Magnesium was optimally removed after 
14.2 mg/L Fe dose (12.5 %) and calcium ions also showed a measurable decrease in 
concentration with increasing ferric sulphate dose, from 3.38 to 2.89 mg/L (14.5 % 
reduction) after 20.4 mg/L Fe.   
 
Silica appeared to be readily removed by dosing ferric sulphate to the simulated CS 
water sample as it decreased from 4.88 to 0.89 mg/L after only 4.1 mg/L Fe addition.  
Al-As’ad and Husein [254] studied the treatment of steam assisted gravity drainage 
(SAGD) water which originates from tar sand operations.  They noted that addition 
of ferric chloride coagulant could remove up to 60 % of dissolved silica present at an 
optimum pH of 7.9.  Excess addition of ferric chloride resulted in low pH values 
which substantially decreased the removal of silica to ca. 20 % or less.  At the 
optimum pH it was stated that ferric hydroxide was stable and that this presumably 
sorbed negatively charged silicate species such as Si2O3(OH)42− and Si4O8(OH)44−.  
4.1 mg/L Fe dose was sufficient to optimally remove the silicate species and greater 
dosages did not promote further silica removal or reformation in solution.  This latter 
observation is compatible with the removal mechanism not being sweep flocculation 
as higher dose rates may have been expected to enhance silicate removal [254].  
O’Melia and Stumm [255] also concluded in a study of ferric ion coagulant 
interaction with colloidal silica that the latter moieties were not removed by 
entrapment with ferric hydroxide precipitate.   
 
Aluminium was also notably decreased in concentration as ferric sulphate was added 
in increasing dose amounts.  There was some evidence for the creation of residual 
iron species in the treated CS water as iron in solution increased from 0.01 to 0.41 
mg/L after 4.1 mg/L Fe dose, albeit the residual iron present then decreased to 0.27 
mg/L Fe following 20.4 mg/L Fe addition.  The importance of residual iron when 
ferric sulphate is applied to treat wastewater problems has been related by Knowles 
et al. [256] who found that residual iron could promote the mobilization of lead from 
plumbing.  The presence of iron can also cause fouling of downstream membranes if 
oxidised forms are created [257].  
 
Addition of ferric sulphate as a coagulant to the simulated CS water inherently 
results in contamination of the treated solution with sulphate ions [Figure 48].  
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Naturally, as the iron sulphate dose increased a corresponding enhancement of 
sulphate concentration was evident with the final value of 195.5 mg/L following 20.4 
mg/L Fe dose.  Sulphate species can be detrimental to downstream reverse osmosis 
systems as they may enable formation of scalant such as calcium sulphate [221].  
Finally, fluoride ions were not observed to be removed from CS water to any 
determinable extent.  Fluoride ion removal from solution using ferric sulphate has 
not been reported although we note that iron based materials such as ferric hydroxide 
[258] and granular ferric hydroxide [259] are both known to be capable of sorbing 
fluoride ions from aqueous solution.  Sujana and Anand [258] studied the uptake of 
fluoride ions on ferric hydroxide and a relevant finding was the influence of solution 
pH.  Maximum sorption of fluoride ions was observed at a pH of 4, and notably 
raising the pH to alkaline values typical of those used in this investigation 
substantially reduced the fluoride loading due to complexation with hydroxyl species 
and possibly repulsion of the fluoride ions by the negatively charged surface.  In 
addition, when additional anions were added to the fluoride solution it was found that 
sulphate ions in particular inhibited fluoride uptake on the ferric hydroxide material.  
Sulphate ions were not only added in this study via the ferric sulphate material, but 
also were considerably more abundant in solution than fluoride ions.  Thus, the lack 
of fluoride removal by ferric sulphate appears to be in accord with the chemistry of 
this system.   
 
Ferric chloride was also added to CS water sample 1 in order to compare and contrast 
the effectiveness of these two iron based coagulants [Figure 49].  As both ferric 
chloride and ferric sulphate are acidic salts the solution pH decreased overall as a 
result of coagulant addition.  The solution conductivity paralleled the pH profile up 
until the final ferric chloride dose of 33.9 mg/L Fe whereupon the pH decreased and 
conductivity remained relatively stable.     
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Figure 49: Ferric chloride coagulant performance with coal seam water sample 1 
 
As outlined above, pH and conductivity plateaued at a pH of 8.3 due to the 
conversion of carbonate to bicarbonate species.  The lesser acidity of the ferric 
chloride resulted in a reduced removal of carbonate species compared to the case 
with ferric sulphate and higher dose rates of Fe were consequently required.  With 
ferric chloride as a coagulant, chloride ion concentration intensified as a result of the 
salt addition [Figure 49] from 591 to 713 mg/L. In this instance, sulphate ions 
actually appeared to be reduced in quantity as a gradual decrease as coagulant was 
added.       
 
 
Barium was again the alkaline earth ion which was most reduced in concentration by 
coagulant addition (from 0.2 to 0.06 mg/L after 33.9 mg/L Fe dose).  Strontium was 
next ion which was removed to the greatest extent with 31.2 % reduction.  The 
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variation in magnesium concentration was within the measurement error of the 
system and thus it was concluded that it was minimally influenced by the presence of 
coagulant.  Calcium was diminished from 3.38 to 2.73 mg/L after 16.9 mg/L Fe 
addition but further dosing of Fe was not as effective. 
 
The degree of dissolved silica removal from the CS water was not as large compared 
to when ferric sulphate was employed as a coagulant (53.4 % after 33.9 mg/L Fe 
addition versus 81.8 % for 4.1 mg/L Fe dosage with ferric sulphate).  This data 
suggests that the floc structures with ferric chloride and ferric sulphate are different 
which is consistent with the study of Wang et al. [260] which demonstrated that a 
range of aluminium based coagulants produced flocs of different size, strength and 
shape.  Residual iron was generated by the ferric chloride in a similar amount to the 
case with ferric sulphate and aluminium was efficiently removed.  Fluoride ions were 
not impacted by the ferric chloride, as was the situation with ferric sulphate.  
However, we cannot invoke the presence of excessive amounts of sulphate ions in 
this case which are known to inhibit fluoride ion removal in solution.  The extra 
chloride ions added to the CS water sample by the coagulant are not particularly 
significant in relation to the large quantity of chloride already present.  Therefore, it 
is doubtful whether competition between fluoride and chloride ions could explain the 
data.        
 
6.3.2 Coagulant Performance as a Function of Coal Seam Water Salinity 
Since the composition and salinity of coal seam water is highly variable, experiments 
were designed wherein the ratio of ions in the simulated CS water solution 1 was 
maintained and the overall total dissolved contents increased.  The aim was to 
determine if coagulant performance was impacted by the quantity of ions present in 
solution which would inherently impact the cationic demand [210].  To aid data 
interpretation by the reader only results relating to the main scale forming species 
(alkaline earth ions and dissolved silica) were presented.  Figure 50 shows the impact 
of ferric sulphate addition to a CS water sample with approximately twice the 
concentration of ions as was present in CS water sample 1.        
Barium was substantially removed by ferric sulphate addition with 83.4 % reduction 
compared to 70 % with CS water sample 1.  Calcium was removed to a lesser extent 
(29.7 %), as was strontium (42 %) and magnesium (7.1 %).  Dissolved silica removal 
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appeared to be inhibited by increasing the TDS of the CS water sample as 7.1 mg/L 
remained after 4.1 mg/L Fe addition (54.5 % reduction) which was inferior to the 
81.8 % decrease when CS sample 1 was tested.  Increasing the ferric sulphate dose 
did enhance the silica removal to leave 1.82 mg/L in solution (88.3 % reduction).  It 
is possible that the mode of silica removal may have changed when using the higher 
TDS content sample to sweep flocculation.  No residual iron was observed when 
ferric sulphate was dosed to CS water sample 2.      
 
 
 
 
Figure 50: Ferric sulphate coagulant performance with coal seam water sample 2 
 
The behaviour of ferric chloride coagulant when added to CS water sample 2 was 
broadly similar to that for ferric sulphate.  The preference for removing alkaline earth 
ions from solution was comparable in that barium was again reduced to the greatest 
extent (86.4 %) with calcium (34.5 %), strontium (46 %) and magnesium (7.1 %) 
more difficult to extract.  Dissolved silica was not as readily removed by ferric 
chloride with only 67.6 % removal efficiency after 33.9 mg/L Fe addition.  Similarly, 
aluminium ions were also more recalcitrant with 67.7 % reduction obtained 
compared to 74.6 % when ferric sulphate was employed.  
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Figure 51: Ferric chloride coagulant performance with coal seam water sample 2 
 
Increasing the coal seam water salinity to approximately 4 times that of CS water 
sample 1 apparently impacted the calcium removal capability of ferric sulphate as a 
significant promotion in performance was recorded (54.7 %) when only 4.1 mg/L Fe 
was dosed [Figure 50].  However, increasing the amount of ferric sulphate used had a 
negative effect on calcium removal with ultimately 30.5 % removal obtained after 
20.4 mg/L Fe addition.  For the highest salinity studied [Figure 52] at the same iron 
dose of 4.1 mg/L 11.12 mg/L dissolved silica remained which was equivalent to a 
70.6 % decrease in concentration.  Greater doses of ferric sulphate did not 
substantially improve the degree of silica removal.  The behaviour of barium ions 
was the same as with the coal seam water samples and coagulants in that it was 
increasingly removed by higher doping levels of ferric sulphate (80 % reduction).  
Magnesium remained a challenge to remove as only 5.3 % was eliminated from 
solution (which was minimally above measurement error), and 35.9 % strontium was 
removed.        
 
 
 
 
Figure 52: Ferric sulphate coagulant performance with coal seam water sample 3 
 
Ferric chloride also was effective at calcium reduction (58.6 %) with CS water 
sample 3 [Figure 53] and the trend was similar to that observed with ferric sulphate 
[Figure 52].  The behaviour of the three remaining alkaline earth ions was also 
similar to the ferric sulphate data.   
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Figure 53: Ferric chloride coagulant performance with coal seam water sample 3 
 
Interestingly, dissolved silica was effectively removed when ferric chloride was 
added to CS water sample 3 which had a TDS content ca. 4x greater than CS water 
sample 1.  The higher salinity solution promoted the degree of silica removal (86.1 % 
after 33.9 mg/L Fe addition) relative to the situation described in Figure 51 for CS 
water sample 2.     
 
6.3.3 Effect of Variable Coal Seam Water Composition upon Coagulant 
Performance 
Previous experiments outlined in Sections 3.1 & 3.2 involved the study of CS water 
samples with the same ratios of ions in the initial solutions.  As the coagulant 
performance was demonstrated to be dependent upon the total concentration of ions 
present it was also pertinent to examine water samples wherein the ratio of ions 
present was also variable.  Figure 54 shows the performance of ferric sulphate when 
added to three different coal seam water types.   
 
For Sample 4, magnesium and calcium ions remained at a relatively constant value 
of ca. 35.3 & 12.3 mg/L, respectively, regardless of ferric sulphate dose.  Barium 
ions were however substantially removed by the coagulant addition from 9.68 to 0.7 
mg/L after 20.4 mg/L Fe dose (92.8 % reduction).  Strontium was lesser impacted as 
the concentration only declined from 13.34 to 10.8 mg/L (19.1 % reduction) over the 
same coagulant dose range. 
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CS Water Sample 5 
 
 
CS Water Sample 6 
  
 
Figure 54: Ferric sulphate coagulant performance when added to coal seam water 
samples 4, 5 & 6 
 
In terms of dissolved silica, all three samples exhibited a high degree of removal 
(93.1, 91.8, & 93.6 % after 20.4 mg/L Fe addition).  The question arises to the mode 
by which the silica is removed by the coagulant addition.  As such, inspection of the 
data was initially made in an effort to determine any correlation between silica 
removal and other species present in solution.  Barium was the only alkaline earth 
ion significantly removed and thus the possibility of insoluble barium silicate or 
barium iron silicate formation may be considered.   
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Figure 55: Ferric chloride coagulant performance when added to CS water samples 4, 
5 & 6 
 
However, it is noted that in Figures 48, 50 & 52 when the initial concentration of 
barium ions was relatively small compared to CS water sample 4, the degree of silica 
removal was still substantial.                
 
With CS water sample 5, barium ions were again significantly removed from the 
aqueous solution by ferric sulphate dosing.   
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6.3.4 CSG Water 
The relationship between the pH of the real CS water sample as a function of ferric 
sulphate added was similar to the equivalent simulated CS water sample 1 in that the 
solution pH decreased from an initial value of 8.94 to 7.96 (c.f. final pH of 7.72 for 
CS water sample 1) [Figure 56].  The solution conductivity was mainly stable at ca. 
3390 mS/cm during the ferric sulphate dosing period which was consistent with 
incomplete decomposition of carbonate species to bicarbonate ions.  Figure 56 
showed that even after 10.2 mg/L Fe dose the carbonate concentration was 13 mg/L 
whereas with CS water sample 1 the carbonate alkalinity was already 0.  
Consequently, the upturn in conductivity once carbonate species had been fully 
converted to bicarbonate ions was not observed with the real CS water.       
 
The CS water treatment with ferric sulphate was not able to remove any significant 
amount of singularly charged ions, sodium, potassium, and chloride, referring to the 
data shown in Figure 56.  On the other hand, ferric sulphate addition influenced the 
alkaline earth concentrations in the CS water.  Barium showed the highest removal 
rate among the alkaline earth species with 82.3 % reduction in concentration 
recorded when 10.2 mg/L Fe was added.  Strontium was also removed to a 
significant but lesser degree (from 0.47 to 0.28 mg/L; 40.5 % reduction).  The 
calcium concentration in the CS water slowly decreased from the initial value of 3.04 
to 2.18 mg/L after 10.2 mg/L Fe was dosed (28.3 % reduction).  Magnesium again 
proved difficult to remove in a notable quantity. 
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Figure 56: Ferric sulphate coagulant performance when added to real coal seam 
water sample 
 
In contrast to the simulated CS water samples, silica was considerably inhibited in its 
degree of removal.  Silica concentration decreased from an initial value of 11.43 to 
9.88 mg/L after 4.1 mg/L Fe was added (13.6 % reduction).  At the same iron dosage 
with CS water sample 1, 81.68 % silica had been removed.  Further increase in the 
amount of ferric sulphate added to the CS water did not enhance the removal of silica 
but actually slightly raised the concentration remaining in solution.   
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In the smallest doses of ferric sulphate (up to 1 mg/L Fe) it was observed that a 
significant concentration of residual iron had been generated in solution.  However, 
further coagulant addition reduced the iron quantity present and ultimately no 
residual iron was detected.   
 
Boron was relatively consistent at 0.825 ± 0.045 mg/L and aluminium in the CS 
water was not removed by the addition of ferric sulphate.  As expected, sulphate 
increased from 2.94 to 84.81 mg/L, after 10.2 mg/L Fe was added.  Sulphate as 
mentioned above can cause severe membrane fouling [261] and there are many 
studies which explain this scaling process [262, 263].  Calcium sulphate [264] and 
barium sulphate [265] are common minerals which can cause flux decline during 
reverse osmosis operation.  There are many factors such as solution ionic strength 
and the effect of organic matters need to take into consideration [266].     
 
Bromide concentration decreased 19 %, from an initial value of 2.42 to 1.96 mg/L 
when 10.2 mg/L Fe was added.  Ge and Zhu [267] found that the removal rate of 
bromide by coagulation was linked to the presence of other anions.  Bicarbonate, 
sulphate, chloride, nitrate, and phosphate anions detrimentally impacted the removal 
rate of bromide.  Since the concentrations of bicarbonate and chloride in the coal 
seam water were relatively high it is not surprising that bromide ions removal by 
ferric sulphate was not extensive.  Fluoride was not removed at all from the coal 
seam water.  
    
Dissolved organic carbon (DOC) was removed in greater quantities as the ferric 
sulphate dose was increased until a final value of 3.66 mg/L.  According to 
Matilainen et al. [126], the optimal pH for ferric based coagulation is between 4.5 
and 6 for the removal of NOM and the removal rate is about 29 to 70 % as DOC.  
Since the pH of the coal seam water was alkaline, this may be one reason for the 
incomplete removal of DOC content.   
 
Experimental results showed an increase in solution turbidity of the CS water until 
the highest dose rate of 10.2 mg/L of Fe whereupon a slight reduction was observed 
(7.77 to 7.11 NTU).  The production of suspended solids in the real CS water sample 
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appeared to parallel the increase in solution turbidity which suggested suspension of 
ferric hydroxide flocs may be the reason for the turbidity increase.  This was in 
contrast to studies of iron based coagulants with other water types.  For example, Ma 
et al. [268] found that ferric sulphate could effectively remove algae and 
correspondingly turbidity from lake water.  Likewise, Ntwampe et al. [269] were 
able to removal high levels of turbidity from acid mine drainage water with both 
ferric sulphate and ferric chloride.  Baghvand et al. [270] noted that turbidity 
removal was affected by pH, coagulant dosage and the initial turbidity of the water 
and that the optimal pH range for turbidity removal was 5-6 for ferric chloride.  
Notably, the alkaline pH values for the CS water could be one factor which may not 
be optimal for turbidity removal.  The relationship between floc mass and iron dosed 
was not linear which suggested may align with the fact that a portion of the flocs 
formed remained suspended in solution.  
 
Figure 57 illustrates the outcomes of ferric chloride addition to the real CS water 
sample.  A significant decrease in pH from 9.38 to 7.88 was recorded wherein the 
solution conductivity fluctuated between 3400 and 3240 mS/cm.               
 
Dissolved silica was relatively constant until 10.2 mg/L Fe was added [Figure 57] 
whereupon a slight decrease in concentration to 8.93 mg/L was evident.  Subsequent 
addition of ferric chloride did not enhance the degree of silica removal.  Residual 
iron was prevalent in the treated CS water up until 10.2 mg/L Fe was dosed 
whereupon the iron concentration increased to 10.93 mg/L.  Interestingly, the 
residual iron content in the CS water substantially decreased once the dosage was 
raised to 16.9 mg/L Fe.  Aluminium was not reduced in concentration by ferric 
chloride addition and boron was constant as in all cases with CS water.      
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Figure 57: Ferric chloride coagulant performance when added to real coal seam 
water sample 
 
A reduction in bromide quantity from 2.42 to 1.86 mg/L was recorded after 16.9 
mg/L Fe was added, whereas fluoride was not removed.  The level of dissolved 
organic carbon in the coal seam water was highly dependent upon the dosage of 
ferric chloride.  In every instance the DOC concentration was reduced compared to 
the starting solution but it fluctuated significantly and at no time was the removal 
rate greater than 45 %.     
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Similar to the case with ferric sulphate, use of ferric chloride was not a particularly 
effective means to reduce the turbidity of the coal seam water.  Turbidity actually 
increased from 7.73 to 8.77 NTU after 10.2 mg/L Fe dose and only diminished to 5.9 
NTU after 16.9 mg/L Fe use.  In harmony with the turbidity data, the suspended 
solids content in the CS water significantly increased from 7.2 to 14.2 mg/L.  A 
closer inspection of the apparent and true colour of the solution was made [Figure 
57] to determine any relationship between colour and turbidity/suspended solids 
quantity.  The apparent colour trend paralleled the behaviour of solution turbidity.  
The true colour which was obtained dafter filtering the solution with a 0.45 micron 
filter suggested that the major colour producing substance was particulate in 
character.          
 
Again, the flocs formed by both ferric sulphate and ferric chloride addition to CS 
water were investigated by optical microscopy [Figure 58].   
 
 
Ferric Sulphate 
 
Ferric Chloride 
 
Figure 58: Optical microscopy images flocs formed by addition of ferric sulphate 
and ferric chloride to actual CS water: magnification 50 X 
 
The ferric chloride flocs appeared to be relatively thin and more networked than the 
ferric sulphate flocs which were denser and bulkier. 
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Figure 59: XRD diffraction patterns of dried floc samples from ferric coagulant 
addition to actual CS water 
 
The diffraction patterns of the dried flocs produced by ferric coagulants were weak 
and broad, suggesting a large proportion of the sample was amorphous [Figure 59].  
It was difficult to conclude the presence of goethite or any other kind of iron oxide in 
the sample.     
 
The IR spectra of the flocs from ferric chloride and ferric sulphate had similar 
absorption bands [Figure 60].  The three bands appearing in the region of 1200 and 
1700 cm-1 correlated to carbonate adsorption on ferrihydrite [271].  In the ferric 
sulphate sample, the bands were evident at 1630, 1514 and 1378 cm-1 whereas with 
ferric chloride, the peaks were present at 1635, 1520 and 1374 cm-1 [Figure 60].  
 
 
 
Figure 60: FT-IR spectra of flocs generated from ferric coagulant addition to actual 
CS water 
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6.4 CONCLUSIONS 
Iron coagulants can remove dissolved species from simulated coal seam water 
samples especially silica and barium.  The precise coagulant efficiency related to the 
identity of the coagulant used, solution overall salinity and the ratio of ions present in 
solution.        
 
Translation of results for simulated CS water to actual CS water was not 
straightforward due to presumably the presence of organic species and materials 
responsible for the solution turbidity and colour.   
 
Application of iron based coagulants for coal seam water treatment may be 
problematic in terms of the inability to reduce solution turbidity, limited dissolved 
silica and alkaline earth ion removal 
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Chapter 7: Comparison of EC versus 
CC and aluminium versus 
iron based coagulation 
7.1 COMPARISON OF ELECTROCOAGULATION WITH CHEMICAL 
COAGULATION FOR TREATMENT OF REAL CS WATER 
In general, this study revealed that for electrocoagulation aluminium electrodes were 
more efficient than steel electrodes in removing contaminants from actual CS water 
[Figures 61 to 62].  Application of 37.9 volts produced the best performance in each 
case; indeed use of 9.5 volts potential to the solution did not generate any floc.  
Contact time also proved to be an important parameter in the treatment of CS water 
by EC.  The contact time of 60s produced a better contaminant removal rate than 30s 
contact time.  The results obtained from this study suggested that EC may be a 
potentially more effective technology than conventional chemical coagulation as 
discussed below. 
 
 
Calcium 
 
Magnesium 
 
Strontium 
 
Barium 
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Figure 61: Comparison of the efficiency of EC with CC in the removal of alkaline 
earth ions from real CS water sample 
 
In terms of the removal of alkaline earth ions from CS water, electrocoagulation 
produced better results than conventional chemical coagulation in every case.  EC 
with aluminium electrodes was able to remove all of the calcium ions from solution 
(100 %), followed by EC with stainless steel electrodes (63 %) [Figure 61].  In 
chemical coagulation, ACH had the highest removal rate of calcium (48%), followed 
by alum (37.5 %), ferric chloride (36.8 %), and ferric sulphate (28.2 %).  The results 
obtained show that EC can be almost twice as efficient as the conventional chemical 
coagulation with regards to calcium removal from the CS water.  The highest 
magnesium removal was achieved by EC with aluminium electrodes (87 %), 
followed by EC with mild steel electrodes (77 %).  In comparison, the removal rates 
observed by chemical coagulation were significantly less, with ACH only extracting 
28% of magnesium, followed by alum with 20.6 % and ferric chloride 10.3% 
removal.  Strontium was completely removed from the CS water by EC with 
aluminium electrodes.  In comparison, EC with stainless steel electrodes only 
managed to remove 78 % of strontium.  However, EC with mild steel electrodes is 
still much more efficient than chemical coagulation in removing strontium from CSG 
water [Figure 61].  ACH, alum, ferric chloride and ferric sulphate all achieved a 
removal rate of approximately 40 %.  Barium was removed completely from the 
CSG water by EC with either aluminium electrodes or stainless steel electrodes.  
Chemical coagulation did not achieve as high removal of barium as EC with ferric 
chloride getting 77 % removal, followed by alum and ferric sulphate 72 %.  ACH 
exhibited the least barium removal (66 %). 
 
The highest silica removal from the CSG water was achieved by EC with aluminium 
electrodes (98% removal), followed by EC with mild steel electrodes (84% removal).  
The results obtained from EC showed better performance in silica removal from the 
CSG water than chemical coagulation [Figure 62].  PAC had the highest silica 
removal from the CSG water (59.4%), followed by ACH (50% removal) and Alum 
(40.2% removal).  Ferric chloride and ferric sulphate had the lowest silica removal 
with only 21.8% and 10.6% respectively.   
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Figure 62: Comparison of removal efficiency of silica by EC and CC in the treatment 
of actual CS water 
 
The XRD diffraction patterns of the dried iron floc samples from EC indicated the 
presence of goethite (FeOOH) and possibly ferrihydrite. The diffraction pattern of 
the iron floc sample suggested that the sample has small domain sizes and probable 
amorphorous content.  On the other hand, the diffraction pattern of the aluminium 
floc sample produced by EC suggests the presence of boehmite (AlOOH) [Figure 
17]. The diffraction pattern of the dried floc samples obtained from aluminium 
coagulants such as ACH, PAC and alum does not suggest the presence of boehmite 
or any other forms of aluminium oxyhydroxide [Figure 47]. 
 
 
Mild Steel Electrodes 
 
Aluminium Electrodes 
 
Figure 63: Optical microscopy image of flocs produced by EC treatment of actual CS 
water (37.9 V and 60 sec of contact time): magnification 40 X 
 
The flocs produced by electrocoagulation [Figure 63] differed in colour and shape.  
The mild steel flocs were characterized by green and yellow colour, whereas 
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aluminium flocs had a more greyish colour.  Though the exact mechanism of the floc 
formation with each different type of coagulant is unknown, it seems that the size 
and density of the flocs play some role in the contaminant removal ability from CS 
water. 
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Chapter 8: Conclusions 
   
8.1Electrocoagulation 
Electrocoagulation has shown promise in this investigation as a pre-treatment 
technology for coal seam water prior to a reverse osmosis desalination stage.  
However, there remain many unanswered questions which require more detailed 
study to answer.  For example: 
(1) What is the impact of coal seam water composition and salinity upon 
electrocoagulation performance 
(2)  How do we optimize electrocoagulation cell design to ensure even flow of 
feed solution across the electrode surface 
(3) What is the best electrode configuration to use (i.e. number of plates; angle of 
plates; distance between plates) 
(4) How do we reduce electrode consumption 
(5) Can we lessen the electricity demand of the electrocoagulation treatment 
(6) How do flocs form when generated by the electrocoagulation process and 
what controls their physical characteristics 
(7) What is the process by which the dissolved species are removed by the 
electrocoagulation process 
(8) Is there an opportunity to employ scrap metal as an electrode material to 
improve economics 
(9) What is the water content of the electrocoagulation generated flocs and how 
do we separate them from the treated water     
 
8.2 Coagulation 
Coagulation has been demonstrated to have particular potential in relation to 
reduction of silica concentrations in CS water.  However, it has been shown in this 
study that species such as natural organic matter may inhibit coagulant performance. 
Hence, future research should consider the following questions: 
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(1) Can we design alternate coagulants which perform better in relation to CS 
water treatment 
(2) What organic species inhibit coagulant efficiency and by what mechanism 
(3) What are the underlying factors which influence coagulant performance in 
relation to CS water composition and salinity 
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